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1 Dam, big dam and small dam: what's what?

A per title VII of Royal Decree 849/1986 on the safety of dams, reservoirs and ponds, a dam is
an artificial structure that, limiting in whole or in part the contour of a plot of land is intended for
water storage within it. Exclusively for safety purposes, artificial water ponds are also
understood as such". This definition, however, is not considered to be very clear.

For a better understanding of what a dam is, the definition established by the Dictionary of
Civil Engineering prepared by the Catalonian Polytechnic University (Diccionari d'Enginyeria
Civil) will be used. The dam definition therein is "artificial obstacle, constructed transversally in
a river, in a pond, etc., in order to divert or store the water to direct it to a certain place, or to
regulate its flow rate”. A dam will therefore be any infrastructure built on a river that creates a
physical cross-sectional barrier in the river to divert or store water. The water stored may then
be used for some purpose (such as, for example, supply, irrigation, hydroelectric production,
etc.), or to regulate the flow of the river.

Dams, according to current regulations (Royal Decree 849/1986), are classified according to:
1) their dimensions or, 2) the potential risk that may arise from the possible failure or incorrect
operation of the dam.

From the regulatory point of view, depending on their dimensions, dams are classified as
(Table 1):

e Large dams when the height of the dam is greater than 15 meters or when the dam has a
height of between 10 and 15 meters * and a reservoir capacity 2 of more than 1 hm3.
¢ Small dams any other case not complying with the above.

1 The Spanish regulations are stricter than those proposed by the International Commission of Large Dams
(ICOLD) which establishes that a large dam is a structure that has a dam with a height >15 meters or has a dam >5
meters and a storage capacity of more than 3 hm3.

2 The "Technical Regulation on the Safety of Dams and Reservoirs" of March 12th 1996 goes a little further and
establishes that a large dam is any dam that meets at least one of these conditions:
A Height greater than 15 m, measured from the lowest part of the general surface of the
foundations to the crest.
A Height between 10 and 15 m and also a crest length of more than 500 m, a reservoir capacity of
more than 1 hm? or a discharge capacity of more than 2,000 m?/s.
A Present special difficulties in their foundation or have unusual characteristics.


https://www.termcat.cat/ca/diccionaris-en-linia/240/presentacio/es
https://www.termcat.cat/ca/diccionaris-en-linia/240/presentacio/es
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Table 1. Classification of dams according to height and capacity (Royal Decree
849/1986)

Type of dam Dam height and reservoir capacity

Large Dam e >15m

e 10-15 m and storage capacity >1 hm?

e 10-15 m and a crest length greater than 500 m

e 310-15 m and a drainage capacity of more than 2,000 m?/s

o Have special difficulties in their foundation or have unusual
characteristics

Small Dam e When it does not meet the conditions of a large dam.

Depending on the potential risk arising from the possible failure or malfunction, dams are
classified into three categories (Error! No s'ha trobat l'origen de la referéncia.):

o Category A: Dams whose failure or incorrect operation may seriously affect urban
settlements or essential services or cause very significant material or environmental
damage.

e Category B: Dams whose failure or incorrect operation may cause significant material
or environmental damage or affect a small number of dwellings.

e Category C: Dams whose failure or incorrect operation may cause material damage of
moderate importance and only incidental loss of human life. All dams not included in
categories A or B belong to this category.

It is important to note that the classification established based on the potential risk of possible
rupture or malfunction applies only to dams with a height greater than 5 m or a reservoir capacity
greater than 100,000 m3. Dams with heights below 5 m are not included in the safety
classification above.

It is also important to note that the terms "large dam™ and "small dam" defined in Royal Decree
849/1986 prevail over other terms used frequently as synonyms, such as reservoir and weir.
According to the Civil Engineering dictionary, reservoir and weir are defined as:

3 The "Technical Regulation on the Safety of Dams and Reservoirs" of March 12t 1996 goes a little further and
establishes that a large dam is any dam that meets at least one of these conditions:
A Height greater than 15 m, measured from the lowest part of the general surface of the
foundations to the crest.
A Height between 10 and 15 m and also a crest length of more than 500 m, a reservoir capacity of
more than 1 hm? or a discharge capacity of more than 2,000 m?/s.
A Present special difficulties in their foundation or have unusual characteristics.
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¢ Reservoir "an artificial lake of large proportions created by interrupting the course of a
river or making a lake grow by means of a dam. The storage of water allows its
regulation to ensure its use."

o Weir “rigid hydraulic structure built transversely on a watercourse to raise its level and
divert it out of its bed (towards a mill, a ditch, etc.)”. Most weirs, as opposed to
reservoirs, do not have the capacity to regulate the flow of the river course (1; 2). In
addition, the time water stays in the pool created behind the weir is short (minutes to
hours; 3; 4). Additionally, the weir can be completely under water during high flows as
the crest will be mostly lower than the banks of the river (5). This does not happen at
all in large dams.

Thus, the capacity to regulate the river's flow and the fact that the dam cannot be below the
water surface under any circumstances are two factors that make it possible to differentiate
between reservoir and weir. Therefore, reservoirs may correspond to the category of "Large
dams" as defined in Royal Decree 849/1986 and weirs to the "Small dams" category (Table 2).

Table 2. Classification of non-normative dams and proposed equivalence with the
regulated classification established by Royal Decree 849/1986

Non-normative Dam height Typology Dam height
typology Royal Decree
Reservoir e >15m Large Dam e >15m
e 10-15 m and reservoir e 10-15 m and reservoir
capacity >1hm?3 capacity >1hm?3
Weir e 10-15m and reservoir Small Dam e 10-15 m and reservoir
capacity <1hm? capacity <1hm?3
e <10m e <10m

It should be noted that the classification of dams established by Royal Decree 849/1986
prevails over these definitions. Therefore, the Catalan Water Agency will use the normative
and regulated terminology hereafter.

There remains, however, a whole collection of transversal structures such as weirs, pipe
passages, hydrological-forest correction dikes or flumes which are not considered dams (since
their function is not to store) but which can also cause a barrier effect on the river flow. Hence,
they will be treated as river obstacles in this document (Table 3).and will be called other
structures. They will be understood as any element of an anthropic origin that involves the
longitudinal fragmentation of the river, regardless of its height, and that has a different function
from that of a dam.
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Table 3. Typology of transversal obstacles other than dams

Designation Obstacle height Typology

Other structures Unspecified Weirs, flgmes, plpeql passages,
hydrological correction dikes, etc.
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2 The fragmentation of rivers
2.1 A global problem

The construction of large dams dates back more than 5000 years, as it is the case, for example,
of the Sadd el-Kafara dam in Egypt. However, most of the world’'s large dams were built after
World War 1l (6) so that there are currently approximately 60,000 large dams worldwide (Figure
1). This is an ongoing process, as more than 3,700 hydroelectric dams (>1 MW) are planned to
be built worldwide by 2030 (12). For example, 130 large dams are being built in China’s
southwest (15) and the Balkan and Amazon regions are facing large increases in hydropower
construction (13; 14). In Asia more than 15 GW were added in 2016 alone and countries such
as India or Brazil are planning or building huge transfers or shipping projects, which require
massive dredging, pipelines and dike construction (16; 17).

Figure 1. Global developments in the construction of large dams

7000 ~
6000 -
5000 -

4000 -~

3000 -

2000 -

1000

0 = =

1900 1920 1940 1960 1980 2000 2020

@ new dams within the decade B existing dams within the decade

Source: 12: A global boom in hydropower dam construction

Most large dams are used for irrigation (approximately 50%) and hydroelectric power production
(21%). The rest are for water supply (12%) and flood control (9%) (7; 8). In fact, these large
infrastructures directly supply water to produce between 12 and 16% of the world's food
production (18) and generate more than 90% of the world's renewable electricity, which in turn
accounts for 24% of global electricity production (13). It is therefore impossible to understand
the economic and social development of the last 60 years without these large infrastructures.
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Despite their role in providing crucial services such as hydropower, water supply or flood
protection, these large structures have a very significant impact on the hydrological regime of
river courses, both because of their great capacity to modify the flow of the river and because
they strongly affect the transport of sediments. As of this moment, large dams have the capacity
to store a volume of water of between 7,000-8,300 km3 (9; 10), which equals one sixth of the
total annual flow of rivers into the oceans (11), and retain approximately 25 to 30 per cent of the
sediments flowing through major rivers.

This means that the health of riparian ecosystems, their biodiversity and the ecosystem
advantages they provide (12) have been strongly affected, mainly, by the loss of the natural
connectivity of river courses which hinders many of the fundamental processes and functions of
rivers (19). It is estimated that currently more than 60% of rivers are fragmented due to large
dams (8) and only 21 of all the world's large rivers, i.e. those with a length >1,000 km, do not
have any large dams and are still connected with the sea. However, 40% of these rivers are
located in the Amazon rainforest and in the remotest areas of eastern Russia (20).

The fragmentation of river courses due to large and small dams and other transversal obstacles,
has occurred at a very fast rate which has not allowed aquatic species to evolve and cope with
the new conditions (21). As a result, biodiversity of river ecosystems has been strongly affected
to the point that, globally, between 10,000 and 20,000 species of freshwater fish are considered
to have already become extinct or are at risk of extinction (22). These values are 1,000 times
higher than what would be expected under normal circumstances. Unfortunately, it is expected
that future rates could be up to 10,000 times higher (23).

In Europe, 37% of freshwater fish species are currently endangered and 4% are near extinction
(24); and since the mid-80s a sharp drop in the abundance of migratory fish has been observed
(25). This drop could be at least partially explained by the fragmentation of rivers, since more
than 500,000 km of river worldwide are regulated by some 2.8 million dams (with a reservoir
area > 0.1 ha; 26) which are intended to make rivers navigable and/or to enable the transport
(27; 28). It is worth mentioning that migratory fish species such as the European eel (Anguilla
anguilla), the Starry sturgeon (Acipenser stellatus) or Danube Salmon (Hucho hucho) are
particularly susceptible to the fragmentation of river courses (29; 30; 31). The latter two are in
danger of extinction.

European rivers have likely suffered more modifications than any others (32; 33), making this
continent the most fragmented river landscape on the planet (2). It is currently estimated that
there are more than 1,200,000 obstacles in 36 European countries, a value that could increase
to 3.7 million if a river network of 5 million kilometres is considered (34) by encompassing
second-order river courses. On average, there are 0.74 obstacles per 152 km of river length,
ranging from 0.005 obstacles/km in Montenegro to 19.44 obstacles/km in the Netherlands with
an average distance between adjacent obstacles of 108 m (2).

12
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Many of these obstacles were built in the early eighteenth century (and in some cases much
earlier), which makes their real number and location are not entirely known (35; 36) as they are
difficult to find and wrongly mapped (2). This is a likely explanation of why low-rise structures
are not recorded in most inventories (37) and the number of real obstacles (2) is underestimated
by figures that range between 36% (34) and 48%. In the United States, where the National Dam
Inventory has registered 87,000 dams with a height greater than 3 m but is considered to have
at least more than 2 million dams with a height of less than 3 m (38).

This error in the estimation of the number of small dams leads to a great error in the rate of
river fragmentation (39). To illustrate this point, if in Great Britain the assessment of the river
fragmentation would be carried out only on the basis of large dams, 99.6 % of the existing river
obstacles would not be accounted for. (40).

A large part of these obstacles were used at the time to control, divert or increase the water
level through small dams (30.5%), reservoirs (9.8%) and regulation dams (1.3%); or to
stabilize the riverbed (using ramps and weirs (31.5%)) or to allow the crossing of paths or
highways, by means of piped passages (17.6%) and culverts (0.3%). Hence, 91% of these
obstacles are lower than 5 m (on average = 2.77 m) and 68% of these less than 2 m. Large
dams are comparatively very few (<1.0%) (2).

13
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2.2 Catalonia is no exception

In Catalonia, there are currently 1,388 transversal obstacles between large and small dams and
other structures, of which 1,122 (81%) are located in the Internal Basins of Catalonia (CIC) and
266 in the Catalan area of the Ebro basin (Image 1). The Catalan Water Agency (ACA), because
of its legal jurisdiction, has more information on the existing obstacles in the Internal Basins of
Catalonia.

The current dam inventory can be consulted in the map viewer on the website of the Catalan
Water Agency, in the section of the website dedicated to river connectivity; although not all the
existing fluvial obstacles in the river courses are included, as there are many smaller structures
that have not yet been registered.

Image 1 Mapping viewer of the website of the Catalan Water Agency showing the location of the transversal obstacles

It is worth noting that the large dams present in the Internal Basins of Catalonia account for less
than 2% of the total obstacles inventoried (Figure 2), while small dams account for about 75%
of the total. Other structures make up the remaining 24%.

14


https://sig.gencat.cat/visors/VISOR_ACA.html#param=param&text=CAPES%20CONNECTIVITAT%20FLUVIAL&color=vermell&background=topo_ICC&BBOX=151025.229358,4485000,642974.770642,4752000&layers=AIGUA_PRESES_RESCLOSES_V,AIGUA_ACT_CONNECTIVITAT
https://aca.gencat.cat/ca/laigua/proteccio-i-conservacio/restauracio-despais-de-ribera-i-connectivitat/connectivitat-fluvial/

Criteria for the demolition of small dams

Figure 2. Number of river transversal obstacles in the CICs according to their typology
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Of the total number of small dams inventoried in the CICs, 92% are lower than 7m # and only
4% have a dam height between 10 and 15 meters. In fact, 72% of small dams are less than 3
metres high and 82% less than 5 m (Figure 3).

Figure 3. Number of small dams according to the height of the dam
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4 Values obtained on a total of 645 small dams of which the height is available.
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Similarly, 96% of the sleepers, culverts, tubed passages, etc., which create a barrier effect in
the longitudinal continuity of the river, are lower than 2 m (and 69% less than 1 m). °

Hence, river fragmentation in the CICs is mainly due to small dams and other transverse
structures lower than 5 m.

The basins with the greatest number of transversal obstacles are the Ter and Llobregat
basins. They account for more than 50% of the total number of obstacles (Table 4).

The Besos Basin also presents a large number of obstacles followed, albeit at a distance, by
the Tordera, Fluvia, Francoli and Muga Basins (Table 4). The Foix, Dar6 and Gaia Basins,
together with the Rieras and the intermittent streams next to the coastline are the ones with
the fewest obstacles with 16, 23 and 32 obstacles, respectively.

Table 4. Distribution of transversal barriers in internal basins of Catalonia

Small Large Other
Total obstacles

dams Dams structures
Besos 205 84 1 113
Dar6 16 2 0 14
Fluvia 65 57 0 8
Llobregat 324 282 6 36
Muga 50 38 1 11
Ter 273 219 4 50
Tordera 68 54 1 13
Foix 16 12 1 3
Francoli 57 50 0 7
Gaia 23 19 1 3
Coastal s
streams and 32 19 1
torrents
Total 1122 837 18 267

It can then be concluded that most (89%) of the transversal obstacles in the CICs are located in
the basins of the northern half (Muga, Fluvia, Ter, Dar6, Tordera, Besos and Llobregat), while
only 9%, i.e. 96 obstacles, are located in the southern half (Foix basins, Gaia and Francoli).

5 Values obtained on a total of 146 obstacles available at height.
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2.3 Recovering the continuity of rivers: a present and future
challenge

Normally, large dams are located in the main course of the river network, so the further
downstream in the basin they are located, the greater the proportion of habitat that is
fragmented (isolated) upstream, significantly affecting the dynamics of metapopulations (e.g.,
the dispersal and recolonization capacity of fish communities) (41; 42; 43). In addition, the
magnitude and extent of its impacts on the hydromorphology and dynamics of the river
ecosystem are highly visible and easily observable. Hence, environmental impact has mainly
focused on large dams.

However, almost all obstacles, large or small, modify the natural dynamics of the river by
interfering with the transport of sediment (44; 45), the movement of aquatic organisms (46)
(Image 2), altering the structure of river ecosystems (47; 48) and, of course, hindering the
longitudinal, lateral, vertical and time connectivity of river courses.

Fish movement along the stream can be affected by obstacles with a height of more than 50
cm. Therefore, in order to determine the real extent of river fragmentation (2) all types of
obstacles must be considered, especially since the impact produced by the number and
continued presence of small obstacles is much greater than the impact generated by large dams
(47; 49). Actually, small obstacles lead to greater fragmentation of the river, making them a
much greater threat than that produced by large dams. Consequently, in order to restore the
fluvial connectivity of a river, the impact that these minor structures have on rivers must first be
recognized.

Image 2 Small dam poses an obstacle for fish. Source: |beria underwater sweet
.https://wadianas.wixsite.com/hiberipisces/fragmentacin
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In the last years, the European Union has been developing a legal framework aimed at
protecting water, habitats and species. A clear example is the Water Framework Directive
(WFD) which establishes a framework for the protection and management of inland surface
waters, transitional, coastal and ground waters. The WFD requires Member States to protect,
improve and restore all water bodies to achieve good ecological status, or good ecological
potential, by 2015, with (limited) possibilities to extend this deadline to 2027.

This implies the elimination of all those artificial obstacles that do hinder the good ecological
conditions of a body of water except when it is not possible because of needs related to
navigation, flood protection, hydroelectric power generation or agriculture (Image 3). In these
cases, the obstacle must be as permeable as possible by means of for example, a fish pass.

\

Image 3 View of the Xerta Dam with agricultural uses, electricity production and navigation. Source: Xerta City
Councilhttp://www.xerta.cat/el-riu-ebre-i-lassut-de-xerta

The removal or adaptation of barriers is therefore part of the measures necessary to comply
with the legal obligations arising from the WFD. But also to achieve the objectives of other EU
legislation such as the Habitats Directive, which protects the European sea sturgeon (Acipenser
sturio), or the Eel Regulation that protects the European eel (Anguilla anguilla). Both species
need the longitudinal continuity of river courses to survive.

In addition, the WFD, under Article 4(1)(c), also includes the obligation to achieve the objectives
for 'protected areas', which include those set out in the Habitats Directive. Despite this (and
other directives), both EU water bodies and habitats and species protected by European
legislation continue to be affected by pressures that hinder the hydromorphological and
biological quality of the river.

As for surface water bodies, the most frequent pressures are hydromorphological, mainly
caused by obstacles and hydrological alterations of the river regime that cause physical
alterations in the stream, in the river channel and in the riverside or shore area. These pressures
affect 34% of European rivers.
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These data clearly shows the need to focus on hydromorphological pressures to achieve the
objectives of both the WFD and the European Union legislation on nature. Because of this, the
EU has developed the " EU Biodiversity Strategy for the year 2030 ", approved in May 2020,
which proposes actions and commitments aimed at halting the loss of biodiversity in Europe,
and worldwide, in accordance with the European Green Deal . The aim is to put Europe's
biodiversity on its way to recovery by 2030 and to ensure that by 2050 all the world's
ecosystems are recovered, resilient and adequately protected.

Regarding freshwater ecosystems, the Biodiversity Strategy aims at both the restoration of
freshwater ecosystems and the natural functions of rivers. It is sought that by 2030 at least
25,000 km of rivers will have been restored under the concept of "Free Rivers".

A "free river" is one that maintains the connectivity of water, sediments, nutrients, matter, and
organisms both within the river system and with the surrounding landscapes in all four
dimensions (Figure 4):

Longitudinal (connectivity between upstream and downstream)
Lateral (connectivity to floodplain and riverbank)

Vertical (connectivity to groundwater and atmosphere)
Temporal (connectivity based on the seasonality of flows)

Figure 4. The four dimensions of connectivity within lotic ecosystems (after Ward 1989):
a) longitudinal connectivity (channel«<~ —channel); b) lateral connectivity (channel«
—floodplain); c) vertical connectivity (channel«~ —groundwater); and d) temporal
connectivity (in time)

Source: EU (2021): Biodiversity Strategy 2030 for Barrier Removal for River Restoration

Thus, a free river is one not affected by anthropogenic obstacles and not disconnected from its
floodplain. This can only be achieved by removing obstacles and restoring floodplains and
wetlands. In this sense, the Biodiversity Strategy goes beyond the WFD concept of continuity
(which does not require the removal of obstacles), by focusing on the overall connectivity of
the river system, as it includes the lateral, vertical and temporal dimensions of the river and
therefore without man-made obstacles.
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The goal of restoring at least 25,000 km of Free Rivers is a global goal that the EU must
achieve as a whole. It is therefore expected that all Member States will contribute to their
achievement in a manner proportionate to the type and characteristics of the rivers in their
territory, accounting other legitimate uses of watercourses and related interests. From this
perspective, the 2030 Biodiversity Strategy aims to encourage action on the ground, involving
not only European, national and regional authorities, but also local institutions and the general
public such as businesses, social partners, research centres and the scientific community.

To achieve this goal, the Biodiversity Strategy proposes a focus on "obsolete barriers", i.e.
barriers that no longer serve their original purpose or are not necessary. This may include, for
example, a small dam that is no longer used for power generation, water supply or flood
protection, or an obstacle that no longer acts as a stabilizer of the riverbed because it is
damaged or because the river has changed its morphological configuration and it no longer
serves its purpose.

In this context, since the year 2000, the Catalan Water Agency has been implementing actions
aimed at improving the longitudinal connectivity of the rivers in the Internal Basins of Catalonia
to achieve a good ecological status as established by the WFD.

The current Biodiversity Strategy is therefore presented as a new challenge that should allow
the restoration of the connectivity of the rivers of the Internal Basins of Catalonia and ensure
that most of them can become as "Free" as possible.

Did you know that...

The Biodiversity Strategy aims to recover the global connectivity of the river system
with the aim that by 2030 at least 25,000 km of rivers will have been restored under
the concept of "Free Rivers".

A "free river" is one that is not affected by anthropogenic obstacles and is not
disconnected from its floodplain; This can only be achieved by removing obstacles
and restoring floodplains and wetlands.

The Catalan Water Agency, in compliance with current legislation and European
directives, must remove those small dams with no use, but which hinder ecologically
the river.
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3 Effects of small dams on hydromorphology and
the river ecosystem

This chapter shows the effects that small dams (especially those lower than 5 m) have on
hydromorphology and the river ecosystem. Many of the effects can be extrapolated to other
structures with similar characteristics such as, for example, hydrological-forest correction
dikes.

3.1 Effects on hydromorphology and the river ecosystem

Small dams, represent a transversal obstacle in the river (Figure 5) which causes a series of
alterations on:

¢ Flow Hydraulics and Hydraulic Channel Geometry
¢ River’s sediment dynamics

¢ Channel morphology

e The river ecosystem

Figure 5. Modification of the river system due to the presence of a small dam
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Source: 50: User's Guide to Vermont Dam Removals. In: Basic Handbook for Project
Managers.
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3.1.1 Changes in the flow hydraulics and hydraulic geometry of the
channel because of the small dam.

The building of a small dam implies the formation of a man-made pond behind the dam,
increasing the width and depth of the riverbed when compared with its natural state and with the
river downstream the obstacle. The pond’s dimensions will depend on the geometry of the
channel, the slope of the river and the height of the dam (5; 51; 52).

The pond, in turn, has two immediate effects on the flow. An area where the water’s velocity is
greatly reduced appears and a calm waters (lentic) environment is generated where the
retention time is much longer than that of the river outside the area of the pond, both
downstream and upstream of the small dam. Additionally, the water’s surface profile is
modified from being relatively flat near the dam to increasing rapidly at the crest. (Figure 6).

Figure 6. Modification of the profile of the water surface due to the presence of the
small dam.

/ Water surface profile

Slow flow /1

Dam

-

Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

Depending on the magnitude of the flow, the effects of small dams on the water profile will be
different. For small flows, the effects will be more noticeable but will disappear as the flow
increases. (Figure 7). The spatial extent of the effects of the small dam on the water surface
profile, will depend on the relationship between the dam’s height and the river’s slope, i.e., the
higher the dam and the gentler the slope of the river, the higher upstream this effect will
extend (5).
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Figure 7. Changes in the profile of the water surface upstream and downstream of the
small dam with increasing flow (water levels relative to the height of the dam are
descriptive, not to scale).
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Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

The presence of a small dam also implies that water falls over the downstream face of the
dam at a higher speed (Figure 8), and at the foot of the dam an hydraulic jump will appear.
The position of the hydraulic jump will move depending on the magnitude of the flow and, for
certain conditions, it will be located right at the basis of the dam (optimal jump ; Figure 8b)
while when the circulating flow is lower, the hydraulic jump will be displaced downstream
(swept-out jump; Figure 8).

In both cases, recirculating currents are created downstream of the obstacle, with the water
next to the surface flowing upstream to the dam, and the water closest to the waterbed flowing
downstream away from the dam. (Figure 8).

Figure 8. Behaviour of the hydraulic jump under different flow conditions: a) lower than
optimal flow conditions and b) under optimal flow conditions.
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/ Hydraulic jump
> ~
a) Swept-out jump

\6‘/

b) Optimal jump

Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

If flow is increased, the surface level downstream of the dam may cover the hydraulic jump.
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Under these flow conditions, the profile of the water surface softens while a strong vortex or
eddy develops parallel to the dam’s toe (Figure 9) which strengthens the upstream water
current (5). This situation is very dangerous because the whirlpool can trap boats, debris and
even people, who may be held against the base of the dam (53) and drown (Image 4).

Figure 9. Development of a vortex when the hydraulic jump is submerged.

Vortex or eddy

C) Submerged Hydraulic jump

Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

If the river bed is eroded, the dam’s toe can be scoured until a pool is created. For this reason,
some small dams include concrete slabs that extend several meters downstream to protect the
base of the dam and prevent its scouring.

The factors that can influence the length of the pool generated at a dam’s toe are:

e The riverbed’s material
e The dam’s geometry
e The velocity required to detach particles from the riverbed
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Image 4 Hazard signage on a small dam in the United States.

If the flow continues to increase, the vortex or eddy ends up disappearing. Then, the space
between the crest and the water surface increases, forming standing surface waves located
where the hydraulic jump used to be (Figure 10).

Figure 10. Changes in the hydraulic conditions downstream of the dam with increasing
flow.
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Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

A further increase in flow implies the disappearance of the effect of the obstacle on the water
surface elevation. Water barely recirculates or not at all and the water flow above the dam is
controlled by the conditions existing in the channel downstream of the dam (Figure 11).
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Figure 11. Changes in the hydraulic conditions downstream of the dam with increasing
flow.

e)!

Source: 5: Hydraulic and geomorphological effects of run -of- river dams.

In the upstream face of the dam, an eddy also develops that causes the water flow to separate
and be driven to the surface (Figure 12). Perpendicular to this eddy there is a spiral
movement of the water that is propelled towards the surface. In this area, the water’s velocity
is very high.

Figure 12. Flow dynamics at the back of the obstacle.

w1

Source: 5: Hydraulic and geomorphological effects of run -of- river dams.
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3.1.2 Flow alteration

Unlike large dams, small dams do not have the capacity to regulate the flow of the river.

However, they do involve the diversion or withdrawal of part of the river's water, thus modifying
¢ AP i 8 ol 0 i i AN S =

the flow downstream of the dam

Image 5). For example, a mini-hydroelectric power plant diverts water from the river through a
canal to generate electricity. The water that passes through the canal does not pass anymore
through the river’s original channel, reducing the natural flow circulating through the river. This
subtraction occurs in the stretch of the river between the dam and the point where the water is
returned back to the river through the discharge channel of the hydroelectric plant. Hence, the
effects are limited to this stretch of river where flora, fauna and fluvial dynamics will be affected
(54).

Image 5 Diversion channel of the small Juvinya Dam, on the Fluvia river. Source: ACA

27



Criteria for the demolition of small dams

A different case is when water is diverted for irrigation, supply or, in some cases, industrial uses.
In this situation, all or some of the water taken from the river will not return to the river course.

The length of the affected section and the magnitude of the affection will be proportional to the
amount of water withdrawn and the remaining flow in the river (55). Hence, maintenance or
ecological flows are prioritised over other uses, to avoid an excessive withdrawal of water from
the river, that in the past has even left stretches of rivers completely dry.

A very disturbing event to the river’s balance and, unfortunately, somewhat frequent, is the
sudden water discharge, known as “hydropeaks”, by hydroelectric power plants to generate
electricity when the price of electricity is at its highest. Error! No s'ha trobat I'origen de la
referéncia.. Fortunately, these events are becoming less and less frequent.

3.1.3 Effects on sediment transport

As mentioned in section 3.1.1, the presence of the dam represents a barrier to the river that
creates an area where the flow’s velocity is greatly reduced. Consequently, the ability to
transport sediment is affected and an increment in sediment deposition will take place.
Normally, this process begins where the river meets the backwater of the dam and progresses
towards it (56). Depending on the dimensions and geometry of the basin, the coarser fractions
will be deposited first at the furthest end of the basin and the finest fractions in the area closest
to the dam.

Depending on the rate of inflow to outflow and the resultant water velocity, the sediment that
has previously been deposited can be mobilized and transferred progressively to the area
closest to the dam and move along the riverbed, progressively filling it (Figure 13). This
process occurs when the water flow does not have enough velocity to transport the sediment
over the dam.

Figure 13. Accumulation of sediment in the basin of the small dam showing the
successive advance of the sediment deposit.
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Incremental movement of
the sediment load

/

Finest sediment (clays,
silts, etc.)

A part of the sediment retained in the basin of the small dam can overcome the obstacle and
be transferred downstream, the amount depending on the size of the particle and the ability of
the flow to transport it. The finer the particles (such as sands) are more likely to be mobilized
and transferred downstream, while the coarser material (such as gravel and pebbles) will not
be able to overcome the dam and will remain behind it. Additionally, the higher the dam, the
greater the volume of sediment retained.

Thus, sediment retention in the basin of the small dam varies with the hydrological regime
(circulating flows); the volume of sediment that enters the basin of the small dam; the capacity
of the flow to mobilize and transport the sediment; the diameter of the sediment in the affected
river stretch and the height of the dam (Table 5). This last factor has, in turn, a direct influence
on the impoundment capacity of the small dam, i.e. the larger the dam, the greater the
interruption in sediment transport.

Table 5. Factors that influence the sediment retention capacity of a small dam.

Hydrological regime

Incoming sediment volume

Sediment mobilization capacity

Sediment size

Dam height
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The capacity of sediment retention of a river obstacle is of a special importance because it leads
to a sediment deficit downstream of the dam. This is because the water that flows through the
river after spilling over the dam is "clean water", this is, without sediment, because most of it
was retained behind the dam. This "clean water" has a greater transport capacity (a fraction of
the energy that water used to mobilize and transport sediment is not used any more) and,
consequently, has a greater erosion capacity. This phenomenon has a direct impact on the
morphology of the riverbed.

3.1.4 Changes in the morphology of the channel

After overcoming the small dam, the flow starts eroding the riverbed. This implies a gradual
lowering of the bottom of the channel in a progressive incision of the riverbed. In the most
extreme cases, the incision continues until it reaches the bedrock, where it will stop if
geological conditions are not favourable to further scouring.

The erosion of the riverbed will advance downstream: quickly, after the construction of the weir,
and gradually slower thereafter. As the incision progresses, the slope of the riverbed will also
decrease, quickly at first and gradually slowing down. Hence, after the construction of the small
dam, the incision will be small and limited to the area closest to the dam, gradually extending
downstream until it reaches a new state of equilibrium. Hence, the oldest obstacles will have a
greater degree of incision of the channel and a greater area of affectation. However, the
magnitude and extent of the incision will depend on the impounding capacity of the dam. For
example, if the amount of water retained is small, the amount of sediment retained will also be
small and the downstream effects will be minimal. On the other hand, if the impounding capacity
is large, the downstream effects will be greater (5).
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Image 6 Incision of the Llobregat River downstream of the small dam in Castellbell | el Vilar. Top image: year 1945. Image below:
year 2021. Source: Cartographic and Geological Institute of Catalonia.

Simultaneously to the incision process, the riverbed particles are washed away, especially the
finest. This process stops when the particles in the riverbed are so tightly engrained together
that they cannot be moved any more by the water flow, forming a layer that acts like a barrier,
impeding the further removal of sediment. As a result, the particle size diversity of the riverbed
is impoverished with direct effects on the habitat (for example, the disappearance of fish
spawning grounds).
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The lowering of the riverbed, in turn, means that some river bars or islands that were
previously active and were frequently flooded, are now disconnected from the river flow and

vegetation eventually grows on them (
r % B =

Image 6). At the same time, the banks’ erosion of the riverbed will be accelerated, with a direct
impact on the riparian forest both by scour and by water stress caused by the drop of the
water table, as well as affecting the infrastructures on the river course such as bridges, walls,
underground collectors, irrigation or diversion canals, etc.. The scouring in some cases may
be enough to affect the foundations of infrastructure. The loss of lateral mobility of the river
may also occur.
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Image 7 View of a small 5 m high dam completely clogged and where sediment circulates over the obstacle

The effects of the dam on the sedimentological dynamics of the river will last until its basin is
completely clogged. When this happens, the sediment transport continuum will be restored
again and the sediment deficit downstream of the small dam will disappear (

. ’:“)‘:,’:,. i ) e
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Image 7). The obstacle will have been somehow assimilated by the river system, although it
will still affect the channel’s morphology. For example, in the area where the impoundment of
the small dam used to be, a new floodplain will appear, much wider than the original river and
which can endanger assets, infrastructure and properties by increasing the risk of flooding.
The slope of the river will continue to be greatly modified, breaking the morphology of the
riverbed. But, above all, it will continue to remain an obstacle that affects longitudinal continuity
with direct effects on the river ecosystem and, especially, on fish populations.

3.1.5 Effects of small dams on the river ecosystem

The presence of a small dam has two main effects on the river ecosystem: it alters longitudinal
connectivity (57; 58), fragmenting the river, and modifies the environment of the river course
and therefore the physical habitat (5). Both factors imply, among other impacts:

e The fragmentation of river habitat. The interruption of the longitudinal continuum caused
by small dams hinders, downstream, the natural movement of organic matter (59),
nutrients (60), aquatic species (61; 62) and plant propagules (63). It also isolates fish
stocks upstream and downstream of the obstacle (55) and, unless they are able to
overcome the obstacle, prevents their movement to access spawning or feeding areas,
threatening their life cycle (reproduction and migration), both by species that migrate
between the sea and the river and by those that only migrate within the river (47; 64; 65;
66). In short: it creates a hard boundary in the river ecosystem.
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The modification of the fluvial habitat. The formation of a calm water area behind the
dam creates a lentic environment, which allows the establishment of a new ecosystem that
is often exploited by non-native species, some of them invasive, to the detriment of native
species. The functions of reproduction, feeding and shelter for native species are generally
lost in this area (55). Additionally, this new ecosystem is completely alien since it would not
exist without the small dam.

Often, this area of lentic waters has a lower biodiversity. The populations of benthic algae,
which live fixed in the substrate, and macrophytes (aquatic plants) (67), macroinvertebrates
(67; 68), riparian vegetation (63; 69) and fish (67; 70) are clearly different compared to the
stretches where water circulates freely. In addition, the lentic habitat created upstream of the
dam (in combination with other factors such as the retention of fertilizers and other pollutants),
increases the concentration of chlorophyll-a and the density of algae (71; 72; 73).

Although algae are essential as the food basis of a river ecosystem, supporting many
species, when produced in abnormally excessive quantities, they can have negative effects
on the river ecosystem. The increased amount of nutrients in the small dam’s impoundment
due to sedimentation can lead to excessive plant and algae growth and reduce the
dissolved oxygen content in the water. The decrease in dissolved oxygen greatly affects
fish and other species, and often results in an environment unfavourable for the species
naturally found in the river (Error! No s'ha trobat l'origen de la referéencia.).

However, the appearance of a permanently flooded area may represent a refuge or feeding
area for some species at certain times of the year (e.g. during periods of low water) (Error!
No s'ha trobat I'origen de la referencia.).

Alteration of the biophysical parameters of the water. According to the scientific
literature, some of the water parameters altered the most by small diversion dams are:
water temperature, pH and dissolved oxygen; although conductivity and turbidity, among
others, have also been reported, but to a lesser extent (73) (Table 6). The water retained
by the dam has a higher temperature than that of the river, a factor that leads to the
alteration of the type and abundance of plants, insects and fish that can survive and thrive
there (74). This increase in temperature is not limited to the impoundment area of the
small dam, but can also affect the river ecosystem downstream of the dam. Higher water
temperatures are particularly detrimental to cold-water fish populations, such as trout,
which can be harmed by changes of a few degrees (74). Likewise, the self-cleaning
capacity of the river in the area closest to the small dam is reduced.

Polluted sediment. the fine sediment trapped in the basin of the small dam can be polluted
by heavy metals and/or other contaminants. This sediment may be resuspended during
floods or high flows and transported downstream, polluting other parts of the river. Heavy
metals, such as mercury (Hg), can enter the food chain and are very toxic to aquatic
animals such as macroinvertebrates, fish (75) or molluscs (76). Additionally, water quality
can also be strongly influenced by both the agricultural activities that take place within the
catchment area (77; 78) and by small hydroelectric power plants, which also indirectly and
seasonally affect water quality (79; 80).
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Table 6. Biophysical parameters reported with a highest degree of alteration upstream
and downstream of a small diversion dam.

Note: The symbols used in this table represent: no studies reported (—), poorly reported (o)—for a number of studies
<20, widely reported ( e)—for a number of studies >20, upstream (u), downstream (d), and upstream-downstream
(ud).

The gray cells represent the predominant and well-described impacts.

Parameter Increase Decrease No changes
Water temperature o — —
pH o! od -
Conductivity ol od —
Turbidity ou od °
Dissolved oxygen ol od -
Water Depth ou - —
Water Velocity - o! -
Wet perimeter ou o —
Sediment retention oY — o
Chlorophyll-a ol od o
Contaminant retention/concentration o' o ©
Loss of connectivity/migration - oD -
Fish wounds o D — -
Abundance of fish — o VD o
Richness of fish — o D o
Abundance of macroinvertebrates - o U °
Macroinvertebrate richness — o D o
Riparian vegetation — o Ub o
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Parameter Increase Decrease No changes

Macrophytes/other aquatic plants o o ¢

Source: 73: Ecological impacts of run -of- river hydropower plants— Current status and future
prospects on the brink of energy transition.

Did you know that...

Small dams involve the diversion or withdrawal of a part of the water with a direct effect
on flora, fauna and river dynamics.

They hinder the natural transit of organic matter, nutrients, aguatic species (and plant
propagules) while altering the biophysical parameters of the water (such as water
temperature, pH and dissolved oxygen, electrical conductivity and turbidity), facilitate the
accumulation of pollutants and isolate fish populations by fragmenting the river habitat.

They reduce the river's capacity to transport sediment due to the sharp drop in water
velocity in the basin of the small dam and create an environment of calm (lentic) waters
that allows the establishment of a new ecosystem often exploited by non-native species
(some of them invasive) to the detriment of native species. Additionally it favours the
deposition of sediment particles and the consequent sedimentological imbalance.

The water starts eroding the riverbed immediately downstream of the small dam, which
results in the gradual lowering of the bottom of the channel (a process called incision).
At first, the incision is small and circumscribed to the area closest to the dam and is
progressively extended downstream until it reaches a new state of equilibrium. However,
the magnitude and extent of the incision will depend on the amount of water impounded
by the small dam.

The lowering of the riverbed often means that some river bars or islands previously
active and which were frequently flooded, are now disconnected and grow vegetation
over time. It can also affect infrastructures present in the river which, in the most
extreme cases, can collapse.
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4 The response of river systems to small dam
removals

When considering the removal of a small dam, the proper management of the sediment
impounded by the dam is essential to minimize the detrimental effects that a massive release of
sediment may have. Therefore, prior to its removal, it is important to analyse what the response
of the sediments will be and assess the possible affection downstream.

This chapter focuses on showing the hydromorphological response of the river to the dam
removal mainly for dams lower than 5 m, although a similar response may be expected when
eliminating other similar structures.

4.1 Morphological response in the basin and upstream of the
small dam

The removal of the dam has two immediate effects on the morphology, water and sediment
dynamics of the river. First, the volume of sediment retained in the basin of the small dam is
no longer retained and may therefore be mobilized again downstream. Secondly, a sudden
change is created in the longitudinal slope of the riverbed at the downstream end of the
sediment load at the dam basin (Figure 14). In some cases, the longitudinal profile of the river
has a quasi-vertical step if the material of the deposit has a high content of clay and silt. A
lower material cohesion or a coarser material will imply a gentler slope.

Figure 14. Formation of the breaking point of the longitudinal slope of the river after the
demolition of the dam.

Unconstrained sediment load

Slope break

Removed Dam / \_/\

The incision of the sediment load at the impoundment begins at the slope breaking point ,
since it is the area where the water increases its velocity and, therefore, capacity to mobilize
and transport material; and gradually advances upstream as the incision progresses. This
phenomenon is called head-cut.
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During this process of head-cut, the longitudinal slope of the river gets gentler downstream, in
the so-called transition zone, tending to the longitudinal profile that the river had before the
construction of the small dam, until it reaches its new equilibrium profile (Figure 15). If the
hydrology or land uses surrounding the impoundment have not changed or there are no other
obstacles, that modify the water and sediment dynamics of the river, it may reach the profile it
had before the construction of the dam.

Figure 15. Evolution of the longitudinal profile after completely removing a small dam

Incision of sediment load with time

Original river profile

It is important to note that the upstream incision can continue beyond the impoundment of the
removed dam. In some cases, the head-cut can even spread through the tributaries of the
main course or affect other obstacles such as other small dams, bridge foundations, etc.,
which may be subject to scouring.

The distance upstream until which the incision will progress will depend on several factors
such as, the height of the small dam, the slope of the river, the volume of sediment retained in
the impoundment or the presence of an obstacle (such as a natural ledge, other small dam,
etc.) that precludes incision. Hence, in the cases where there are other structures on the river
(such as bridges, small dams, stabilization walls, etc.) or in which significant effects on the
nearest tributaries can be foreseen, a study must be carried out to model the response of the
riverbed and to determine the point to which the head-cut can progress and implement
corrective measures if necessary.

Generally, the erosion of the deposit occurs both vertically, i.e. by incision of the thalweg (or
low water channel) and horizontally, that is, in width by the scour and collapse of the sediment
on the banks of the new channel that is created within the sediment load as the incision moves
upstream and the thalweg deepens (Figure 16).
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Figure 16. Evolution of sediment pack incision over time after the removal of the small
dam

Incision of the sediment load horizontally and vertically

™

Progressive incision
of the sediment load

After the demolition of the dam, the incision of the channel within the impoundment of the
basin will usually be fast at first and will slow down as the sediment package is scoured and
the longitudinal slope of the riverbed diminishes, thereby reducing the transport capacity. The
thalweg will progressively gain in width. However, there are several factors influencing the
volume of material finally mobilized and the mobilization rate (Table 7). Some of the most
important are:

e Ther i v slogesthe steeper the slope of the river, the more likely it is that all the
sediment load will be mobilized at a higher rate.

e The height of the dam: a high dam will be able to accumulate more sediment in the
impoundment, which will take longer to mobilize.

e The composition (granulometry) of the sediment deposit. Depending on the
granulometry of the sediment load, differences in the erosion rate and in the volume of
eroded sediment may be expected.

Generally, faster erosion processes can be observed in deposits made up of fine material
(e.g., when the deposit contains more than 50% or 60% of sands) and much slower when
the deposits are mainly composed of gravel and/or pebbles with a low sand content (10%-
20%; typical proportions of gravel rivers).

This may be explained fact by the fact that sands, unlike gravel or pebbles, are easily
mobilized and transported by relatively low flows. Minor floods are therefore capable of
eroding the sediment deposit and transporting the material gradually.

However, if just after the removal of the small dam (or when there is still a large volume of
sediment from the reservoir without erosion) a high return period flood event occurs, a
massive amount of sediment may be mobilized, with significant effects on the morphology of
the river and the fluvial ecosystem in the section located downstream.

Table 7. Factors influencing erosion (velocity and volume) of the sediment package
retained in the small dam basin after demolition
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Factor Magnitude System response Temporality
River slope Tslope TPackage erosion Ytime
River slope Islope \Package erosion Ttime
Dam height Theight Tvolume Ttime
Dam height Lheight lvolume Ytime
Granulometry High Sclzig:letzei?d clay Mmobility ime
Granulometry >50-60% sand Tmobility Itime
Granulometry <10-20% sand Imobility Ttime
River Plan Configuration Narrow 1 Erosion ltime
River Plan Configuration Wide JErosion Time
Q Quotient >2.5 1 Erosion Ttime
Q Quotient <2 1 Erosion ime
Hydrological regime T™No. of floods T Erosion Ytime
Hydrological regime TMagnitude of 1 Erosion ime

floods

Massive maobilization of sediment can also occur in deposits where gravel and/or pebbles
predominate. However, it only occurs when the slope of the breaking point is several orders
of magnitude higher than that of the river and a high magnitude flood is recorded just after
the removal of the small dam. In these cases, smoothing the longitudinal slope of the river
within the sediment deposit can be a preventive measure to reduce the likelihood of massive
sediment mobilization.

The sediment’s granulometry will therefore be a key element to be accounted for in the
planning of a partial or complete dam removal. Generally, deposits composed mainly of
gravel and pebbles (coarse materials) are much less mobile than sand deposits.
Therefore, usually coarse material deposits erode gradually and may not even erode
completely. This in contrast with sandy deposits that are much more mobile and
susceptible of being totally eroded.
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Another scenario is when the sediment deposit is mainly composed of silts and clays. For
this type of deposits, there is a strong possibility that a significant part of the sediment will
be moved downstream during the removal of the small dam as a mudflow unless
preventive measures are adopted. In these situations, the removal of a part of the
sediment before carrying out the demolition of the dam may be an appropriate measure to
avoid the possible detrimental impacts. However, if the sediment deposit is completely
dry, the material has enough cohesion and will likely not be eroded completely.

e The layout of the area impounded by the small dam is an important factor on the
probability that the sediment deposit will be totally or partially scoured. The channel formed
in the impoundment of the small dam during the incision process is usually smaller than
the total width of the impoundment, especially if the reservoir is large. This implies that the
parts furthest from the river’s thalweg are unlikely to be eroded. Conversely, when the
impoundment of the small dam is narrow, typical of mountain rivers strongly embedded
between the slopes, the sediment is usually transported in its entirety and quickly (Figure
17).

41



Criteria for the demolition of small dams

Figure 17. Part of the potentially scourable sediment deposit according to the width and
length of the small dam basin

Part of the sediment load not susceptible to
transport

: Part of the sediment susceptible to scouring

Dam or weir | |

The quotient (Q) between the average width of the small dam basin (RV), in metres, and the
average width of the river (AR), also in metres, gives an idea of the possible magnitude of
erosion of the sediment load:

Q = VR/AR

If the quotient is greater than 2.5, the erosion of the reservoir of the basin of the small dam is
partial and only 15% of the total accumulated volume may be eroded. If the quotient is less
than 2, it may be assumed that the entire impoundment will erode because the channel formed
in the basin of the small dam will have the same width as that of the river upstream.(Figure
17).

e The flow regime influences the rate and extent of sediment transport and deposit. For
example, large floods can erode the areas furthest from the impoundment of the small
dam (Figure 17). However, these areas are often colonized by vegetation, stabilizing
the sediment and reducing the likelihood of transport and erosion. Additionally, the
timing, magnitude, and number of floods that occur right after the dam is removed plays
a huge role. Thus, the analysis of the hydrological regime will provide the type and
frequency of floods that occur in that section of the river and when they are most likely.
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It is important to point out that small dams generally have a negligible flow regulation
capacity so a flood risk assessment will not be normally required to analyse flood risk
increase downstream. This is not the case for large dams, since their removal implies

the loss of regulation capacity.
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Did you know that...

When a dam is removed, the sediment retained in its impoundment is released and can move
downstream again. A step is created in the longitudinal slope of the riverbed.

Incision of the small dam’s impoundment begins right at the breaking point of the slope and
gradually progresses upstream as the impounded sediment erodes (a phenomenon called head-
cutting).

The distance to which the head-cutting will reach depends on the height of the dam, the slope of
the river and the volume of sediment accumulated, among other factors. It may continue upstream
beyond the impoundment area of the small removed dam, affecting other obstacles and even
propagating through tributaries.

Mobilization of the sediment deposit generally occurs both vertically and horizontally and will be
fast right after the dam removal, slowing down as the sediment package is eroded. However, there
are several factors that influence both the speed and the volume of material mobilized, such as:

e Ther_ i v elape: the sgeeper the longitudinal profile of the river, the more likely the material in
the deposit will erode in a short time.

e The height of the dam: the lower the dam, the faster the reservoir will erode and the shorter
the time in which high sediment transport occurs.

e The granulometry of the sediment: deposits containing more than 50% or 60% of sand are
highly mobile, erode quickly and are susceptible of being totally washed away, while deposits
with 10%-20% sand are less mobile, erode more gradually and may not even erode
completely.

e The plan layout of the impoundment created by the small dam: the narrower the small dam’s
basin, the greater the possibility that the whole area impoundment will completely erode and
will do so quickly. The quotient (Q) between the average width of the small dam basin (RV)
and the average width of the river (AR) gives an idea of the chances of erosion of the
sediment load:

Q = VR/AR

If the ratio is > 2.5, the erosion of the sediment deposit is partial. If the quotient is < 2, it can
be assumed that it will erode completely.

e The flow regime: timing, magnitude and number of floods that occur just after the removal of
the dam.

In summary, the erosion of the sediment deposit will be faster after the removal of the small dam
and slows down as the river reaches a new equilibrium profile. The extent and rate of incision
depend on the volume of sediment retained, its granulometry and spatial distribution, among
others. The evolution of head-cutting erosion (velocity, distance upstream and slope) depends on
the height of the dam removed, the granulometry of the sediment deposit and the flow regime.
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4.2 Indirect effects of the removal upstream and in the small
dam’s impoundment

The erosion of the sediment accumulated in the basin of the small dam is not only an
adjustment of the river morphology, but also has a series of indirect effects on other elements
such as the water table, infrastructures and wells and the loss of the existent ecosystem
(Table 8).

Table 8. Potential effects upstream of the small dam that was demolished

System response Type of affectation

Lowering of the water table e Impact on the riparian forest

e Impact on infrastructure and catchments in nearby
wells

o Disappearance of wetlands in the impoundment of
the small dam

Release of polluted sediment e Impact on public health
e Impact on productive activities

e Impact on the river’s ecosystem

Head-cutting erosion e Impact on infrastructure
e Impact on the riparian forest and wetlands

e Impact on the water table

Expansion of invasive species e Loss of quality of the river's ecosystem

4.2.1 Effects on the water table

The lowering of the water table (Figure 18) occurs mainly in the impoundment area of the
small dam, especially if clogged, but also upstream, in the area affected by head-cutting.
Generally, the level descent will be more pronounced in small dams with a narrow
impoundment area, although the area affected will depend on many factors (such as, for
example, the height of the dam, the dimensions of the small dam basin, the lithology of the
area, etc.).

45



Criteria for the demolition of small dams

Figure 18. Progressive lowering of the water table as the sediment deposit erodes after
the demolition of the small dam.
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Depending on the magnitude of the water table descent, there may be direct effects on supply
wells and agricultural holdings (crops) near the riverside area or in the floodplain. In some
cases, it will be necessary to undertake detailed studies to determine the impact (see section
5.1.5). The results obtained will determine the feasibility or extent of the removal (partial or
total) as well as the corrective measures to deal with the possible negative effects.

The lowering of the water table also has a direct effect on the riparian forest and can even
result in the death of some of species most sensitive to water stress (such as the species of
the genus Alnus). This impact is usually temporary, and the forest usually recovers again in a
relatively short period of time.

A special case is the wetlands which sometimes appear within the impoundment of the small
dam. These will most likely disappear completely because of the lowering of the water table
and the erosion of the sediment deposit. However, these habitats are the result of the
important alterations of the river ecosystem brought by the construction of the dam. Because
some wetlands may have a high ecological value requiring their conservation, it is necessary
to study what the options are to preserve them. Among these is the partial removal of the
small dam.

4.2.2 Mobilization of potentially polluted sediments

In some cases, the sediment mobilized with the removal of the small dam may present a
certain degree of chemical pollution because of the different activities carried out in the
catchment area. Hence, the quality of the sediment must be analysed before proceeding with
the dam removal and whether the sediment must be removed and disposed (see section
5.1.4). If so, it is important to establish how this will happen and where will it be transported to.

Polluted sediment must not be automatically considered waste to be removed from the river
system and taken directly to landfill. The degree and kind of contamination present and the
areas with pollutant (punctual or diffuse) within the deposit will impact the choices to make.
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In each case, it is necessary to assess the potential impacts of the pollutants and the
possibilities of releasing the polluted sediment at a sufficiently slow rate to allow harmless
degree of dilution. Thus, the limits established by the different directives and the water quality
standards would not be exceeded. A staged phase removal; Image 8 may be the best option
to achieve this.

Image 8 Small dam in an advanced phase of staged removal (after having removed a horizontal and a vertical strip, left
photograph). The sediment is pollutted by the nearby industrial site. With herbaceous plantations (left bank) the sediment to be
removed at a later phase is fixed (right photograph).

These options should be carefully studied specially in the following cases:

- If the pollution is important or the kind of pollutant is potentially dangerous.
- Ifthe erosion of the sedimentary deposit can produce certain chemical reactions that can

be harmful to people or the river ecosystem.

In these cases, it is necessary to analyse how to extract the sediment or even consider whether
the removal of the small dam is the best option.
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4.2.3 Effects on other infrastructure and tributaries

The head-cutting process must be carefully assessed since depending on channel’s incision,
the banks of the channel may fail due to mass instability and the risk of erosion increased. It

may also have a direct impact on infrastructure located upstream (such as bridges, riverbank
protections, other small dams, etc.), even spreading through tributaries.

It can also lead to the cutoff of anabranches. In these cases, the river is affected mostly in one
of the channels, usually the main channel. When the channel incision reaches the upstream
side of the channel bar, it cuts off the other channel (Figure 19 and Figure 20).

Figure 19. Operation of the secondary branch of the river.

Secondary channel Main channel

Figure 20. Disconnection of the secondary channel due to head-cutting and channel’s
incision

Second channel

l Main channel
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If the infrastructures were built before the small dam, they will likely not be affected. In the
case of bridges, if they were built before the small dam, the foundations will probably be
located below the level of the original channel (Figure 21). However, if built later, the
foundations should be checked against scouring to ascertain that the stability of the bridge is
not compromised (Figure 21B). Additionally, the further the bridge’s piers are from the
thalweg, the smaller the chance of being affected by head-cutting.

Figure 21. Effect of head-cutting on a bridge built before (A) and after (B) the small dam.
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If the obstacle that prevents head-cutting is another small dam, its foundations can be
undermined and its stability threatened. However, the incision of the channel represents an
increase in its drainage capacity and, consequently, a lower frequency of flooding of the
floodplain.

Thus, in cases where infrastructures may be compromised by upstream erosion, a modelling
of the morphological response of the river under different removal scenarios should be
undertaken (e.g., total removal of the small dam, staged removal, partial removal, etc.). This
would allow to determine the extent of upstream erosion and its possible effects. The results
obtained would help establish the convenience of the removal and its nature as well as the
necessary corrective measures to be carried out.

4.2.4 Damages to the ecosystem due to the spread of invasive species

In some cases, small dams prevent the expansion of introduced (allochthonous) species
present upstream of the obstacle, but not downstream, or vice versa, by preventing their
spreading through the barrier effect (82). In these situations, the removal of the small dam may
increase the strain of the river's ecosystem or even damage it, questioning the feasibility of the
removal. The best decision may turn to be maintaining the small dam and looking for other
alternatives to recover the longitudinal connectivity of the river. Whether the dam is removed
or not will depend on the possibility of eradicating the introduced species.
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Another scenario which may lead to a decision not to remove the small dam is when it
represents the survival of endangered species. If it is one of few areas where an endangered
species thrives and the removal would entail its disappearance, then the dam removal may not
be the best option.

However, this is not the case if the removal of the small dam, may mean the loss of a leisure
or fishing area or the alteration of an aesthetic perk of the river (mirror effect, ultimately man-
made). These factors alone should not lead to the decision to maintain a small dam, since the
dam has a humber of detrimental effects on the environment.

Did you know that...
Erosion of the reservoir of the small dam basin can have several indirect effects such as:

¢ |owering of the water table in the impoundment of the small dam and upstream, in the
area affected by head-cutting with possible effects on nearby wells and on riparian
vegetation. The decrease will be more pronounced in small dams with a narrow
impoundment, although the area affected will depend on the dam’s height, the
impoundment’s dimensions, the lithology of the area, etc.

o release of pollutants if they are present in the sediment load. This makes the analysis
of the quality of the sediment before proceeding with the demolition crucial. Polluted
sediment should not be automatically considered waste to be disposed of, as there are
many factors involved in the decision of what to do with the sediment, such as the type
of pollutant and its extent within the sediment deposit.

e the scouring of river infrastructures’  f o u n,dhseateniogitiseir stability.

o Lossof ecosystem’ s b i o dlievodhe expansjon of invasive species by
eliminating the barrier effect of the small dam or because the removal represents a
threat to endangered or protected species.

e Loss of a leisure area (bathing), fishing or the alteration of an aesthetic value of the
river should not be considered more important than the detrimental factors derived
from the presence of the dam.

4.3 Morphological response of the river downstream of the small
dam

Erosion of the sediment load usually happens gradually (see section 4.1). The distance to
which the sediment will be transported, the size of the particle mobilized and how it moves;
Figure 22 will depend, among others, on the river flow.
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Figure 22. Diagram of the suspended transport (fine, small points) and bedload (coarse,
large points) in ariver longitudinal profile (left) and on an upper floor and a cross-
section below (right).
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Note: A bigger arrow implies a greater speed. If the flow is significant enough and overflows into the floodplain,
sediment particles (usually the finest fractions) circulate in this area where they will eventually be deposited.

Normally, coarser particles will be deposited near the foot of the removed dam while finer
particles will travel a greater distance (83). This is in accordance with the general principle of
sediment transport which states that the larger the particle, the shorter its transport distance
and the greater the probability that it will travel rolling or bouncing along the bottom of the
channel, as with gravel and pebbles. Conversely, the smaller the particle (clays, silts, and
sands), the greater the distance it will travel, being more likely suspended in the water.

It is therefore expected that sediment deposits consisting mainly of finer particles will be
mobilized by lower (and therefore more frequent) flows and will travel longer distances,
especially during flood episodes (Figure 23B). On the other hand, deposits dominated by
coarse particles (gravel and boulders) will need a higher flow rate (and therefore less frequent)
to be mobilized and will have shorter travel distances (Figure 23To).

Thus, the affected section downstream of the small dam will theoretically be shorter the
coarser the sediment load of the impoundment and longer the finer it is (84);and the time that
the river will need to remove all the sediment accumulated downstream of the small dam will
be longer for coarser sediment loads and shorter for finer sediment loads. However, the
number and magnitude of floods after the removal of the obstacle will set the pace of transport
of the sediment accumulated downstream of the small dam. Several studies point that a year
or two after the removal of the small dam, the granulometry of the riverbed, the slope of the
river and the morphology of the bars and the rates of sediment transport are similar to the
conditions prior to the removal of the obstacle (83).
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Figure 23. Mobility of the sediment package depending on its composition (gravel) (A)
or fine material (sands) (B).
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The accumulation of sediment will initially be more important downstream, where the dam’s
toe used to be, and will decrease further from the removal area. In some cases, as with a
strong influx of material, a pulse of sediment covering several kilometres may appear.

This accumulation of sediment has the immediate effect of accreting the riverbed (
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Image 9) and it may even be spread to the nearest tributaries downstream of the removed
small dam, balancing to some extent the incision that occurred with the construction of the
structure (see section 3.1.3). There is no guarantee that the accretion will return the riverbed
to its original level (before the construction of the dam) or if it does happen, when it will
happen. However, if the riverbed is made of rock or has not undergone incision, the increase
of transported sediment will always represent an accretion of the riverbed.

Image 9 Rise of the bottom of the riverbed and increase in width due to the massive influx of sediment after the removal of a small
dam in the Riera Major. A) Riverbed before the demolition. B) Post-removal situation.

Additionally, the accretion of the channel will in turn lead to an increase in the water table
height as the average levels of subsurface and groundwater increase (Figure 24).

Figure 24. Effect of the sediment accumulated downstream of the removed small dam.
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A ratio which may provide information on the potential magnitude and duration of the
geomorphological impact that may be produced in the channel by the accumulation of
sediment when the small dam is removed is the quotient (V*) between the volume of sediment
accumulated in the basin (VsA), in m?, and the average annual volume of sediment
transported by the river at the small dam’s location (VsC) also in m3.

V*=VsA/VsC
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This index shows the possible response downstream (83). Thus, if the V# value is small (<20),
the potential effects will be relatively small (although still locally important) since the sediment
input in that section of the river will not differ significantly from that which the river has when it
is in equilibrium. Additionally, its effects will be relatively short (months or years) since the river
will quickly mobilize the sediment and the system will find balance in a short time.

Conversely, if the value of V+ is high (a value of several tens or hundreds) the sediment input
will potentially be much greater than that of the river when it is in equilibrium. In this case, it
may take many years, and possibly decades, for the sediment to be effectively redistributed
along the course and for the river to regain its sedimentary balance again.

The sediment’s release rate must also be considered. This was studied in 84 using a
dimensionless relationship Ex+ with the aim of trying to predict the distance to which the
sediment could reach downstream of the demolished dam. To do this, the volume of sediment
eroded in the first year after the removal of the dam is compared with the total sediment
retained in the basin and the total annual sediment transported by the river (pre-removal of the
obstacle) where the small dam is located.

E* = Ve* VSR /VsA

Where Ve is the total volume of sediment eroded over 1 year in the basin of the small dam (in
tons or m3); VsC is equal to the total sediment retained in the basin of the small dam (in tons
or m3) and, VsA represents the total annual sediment transported by the river (in tons or™3).

These authors observed that the greater the initial transport of sediment over the first year
compared with the total sediment transported by the river annually, the greater the distance to
which sands and gravels were transported; especially in the case of sands. However, this
relationship did not work as well with the finer fractions of silt, clay and finer sand.

In any case, before the removal of a small dam, the management of the impounded sediment
must be carefully studied to avoid a sudden release and a significant accumulation of
sediment downstream of the removed small dam with detrimental effects on the river's
ecosystem, activities and infrastructures (Table 9). Generally, the probability of uncontrolled
accumulation of sediment is smaller in low dams (which are the majority; Figure 2) as well as
for coarser sediment loads, since they are stabler than fine ones.

Table 9. Potential effects of massive sediment influx

System response Affectations

Accretion of the channel e Effects on infrastructure
e Sediment deficit compensation

e Stabilization of foundations for river structures

Increase in channel width e Impact on the riparian forest
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System response Affectations

Change of channel type (from single e |mpact on infrastructures and assets
to multilateral channel) _
e Erosion of new areas

Loss of hydraulic capacity e Impact on infrastructures and assets
(increased risk of flooding)

Some of the most important possible effects on the morphology and hydrodynamics of the
river due to the massive influx of sediment are:

e Increasing the width of the riverbed (Figure 25). This will depend on the volume of
sediment accumulated downstream and the geometry (width and depth) of the river before
the removal. In river courses that flow through a V-shaped valley this width increase is
more likely to occur.

The increase in the width of the channel can have a direct effect on the riparian forest
by causing the death of the individuals closest to the area of the previous bank,
although they also generate new areas of colonization for trees and propagules of the
upstream riparian communities.

e Change from a single channel to a braided channel usual in areas where there is plenty
of sediment. In braided channels braids join and separate depending on the flow of the
river. Since they are unstable and the braids evolve and move laterally, they can cause
erosion of areas that were previously out of reach of the river flow, even affecting
infrastructures previously safe.

e Increased flood risk because the drainage capacity of the main channel will have been
reduced (Figure 25), there may be detrimental effects to people and property. thus, the
hydraulic capacity of bridges may also be affected since the clearance will be reduced due
to the accretion of the riverbed. However, this same accretion may improve the structure’s
capacity against scouring, which may have been previously affected by the incision of the
channel as a result of the construction of the dam.

Figure 25. Change in the morphology of the riverbed due to the accumulation of
sediment after the demolition of a small dam.
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Did you know that...

The sediment loads comprising mainly sands are mobilized by lower and more frequent
flows and transported over greater distances than deposits dominated by gravels and
boulders that require higher and less frequent flows and will travel a shorter distance.

According to several studies, a year or two after the removal of the dam, the texture of the
riverbed, the pattern of the channel, the slope of the river, the morphology of the bars and
the rates of sediment transport are similar to the conditions prior to the removal of the
obstacle.

The sediment transported from the impoundment of the removed small dam that
accumulates downstream has the immediate effect of accretion of the channel, which can
even be transmitted to the closest tributaries. The accretion of the channel, in turn, leads to
an increase in the water table.

The possible response of the channel downstream of the removed small dam may be
estimated by the quotient (V*) between the volume of sediment accumulated in the basin
(VsA), inm?3, and the average volume of sediment transported by the river annually where
the small dam is located (VsC), in m3.

V*=VsA/VsC

If the value of V* is <20, the effects will be relatively small and short (months or years) but
may be locally relevant. If the V* value is several tens or hundreds, the sediment input will
potentially be much higher. It may take many years or even decades for the sediment to
redistribute along the course and the river to regain its sedimentary balance.

The likelihood of uncontrolled sediment build-up is lower for small, low-lying dams and for
deposits dominated by gravel and boulders.

The main effects on the morphology and hydrodynamics of the river due to the
uncontrolled entry of sediment are:

¢ Increase in the width of the riverbed, more likely in river courses that run through a V-
shaped valley.

¢ Changing from a single channel to a braided channel, which may cause both the
erosion of areas that were previously protected and affect infrastructures previously
out of reach of the flow.

e Increased risk of flooding because the drainage capacity of the river course may have
been reduced.
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4.4 Indirect downstream effects of the demolition of the small
dam

The sediment mobilized and transported downstream of the removed dam may have several
effects on other elements of the river course (Table 10).

Table 10. Potential downstream effects of small dam removals

System response Affectations

Accretion of the channel e OQutlets, man-made channels

e Loss of difference in height which diminishes
hydroelectric potential

e Filling and saturation of pools, pools or ponds
e Loss of habitat diversity

e Effect on the microroughness of the riverbed

Increased sediment transport e Loss of water storage capacity of downstream
dams
Turbidity episodes e Decreased dissolved oxygen

e Macroinvertebrate mortality

o Effects on fish (abrasion, inflammation of gills,
infections and diseases, etc.)

e Habitat degradation and loss (breeding, feeding
and sheltering areas)

4.4.1 Effects on river infrastructures

Depending on the volume of sediment mobilized from the basin of the small dam, outlets,
water collectors and channels may become unusable, since they may be buried or blocked by
the sediment. If river water is collected by a pump, the detrimental effects may be avoided by
raising the suction and impulsion piping sections, including the pump’s axis, so that its
operation is not affected (Figure 26).
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Figure 26. Sketch of a hydroelectric power plant with turbine (T) and pumping station

(B).

Hydraulic head

=

After Before

Accretion

Note: The accretion of the channel leads to a reduction in the height difference, i.e., less energy demanded when
pumping, but also less energy extraction from the flow by a turbine. The water must also be delivered to the point of
intake or return thanks to an excavation and pipe extension (red dashed line).

If the return channel of the hydroelectric power plant is affected, part of the usable hydraulic
head may be lost and, consequently, energy production will be lower (Figure 26).

4.4.2 Silting or loss of storage capacity of dams downstream

This situation may happen when there are two or more small dams separated by a short
distance in such a way that the sediment released by the demolition of the dam located in the
upper section may significantly reduce the capacity to store water of the lower dam. This is of
special importance if the second dam is operational for hydroelectric power production,
drinking water supply, irrigation, etc., as it may affect its functions.

4.4.3 Downstream turbidity episodes

During or after the removal phase the finer fractions of the sediment impounded may be
resuspended, especially clays and silts, and may lead to episodes of high turbidity, i.e. a high
concentration of suspended sediment in the water.

Depending on the degree of turbidity, the concentration of dissolved oxygen in the water may
decrease sharply with possible effects on the fish and other macroinvertebrates and may lead
to the mortality of individuals. For this reason, European Directive 78/659/EEC establishes at 7
mg/I the minimum threshold for the concentration of dissolved oxygen in water. Below 5 mg/l
there is a high risk of mortality or disappearance of cyprinids. Thus, during the removal phase
of the dam, special care should be taken to the concentration of dissolved oxygen and turbidity
(concentration of suspended sediment (mg/l) in the water.
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Some of the effects described by a high concentration of suspended sediment on fish range
from damage to their tissues and organs to changes in behaviour and, in extreme cases, even
their death (Table 11).

Table 11. Effects of suspended sediment on brook trout and rainbow trout

Common Scientific SS Measure Duration | Method Effect Country Reference
name name
Brook Salvelinus 10-40 NTU 12 h Artificial Reduced USA 87
trout fontinalis channel reaction

distance

(when

feeding) or

feeding

success rate
Brook Salvelinus 10-40 NTU 12 h Laboratory Reduced USA 87
trout fontinalis tank catch

success

when

feeding
Brook Salvelinus 5-10 NTU 70 min Laboratory  Altered USA 88
trout fontinalis tank predator-

prey

interactions
Rainbow Oncorhynchus  15-30 NTU 1lh Avrtificial Reaction USA 89
trout mykiss channel distance

reduced by

20-55%

when

feeding or in

feeding

success rate
Rainbow Oncorhynchus 160 NTU 30 min Laboratory No New 920
trout, mykiss tank significant Zealand

effect on

feed rate
Brook Salvelinus 810 mg/L 21 of Laboratory Inflamed gills England 91
trout fontinalis tank
Rainbow Oncorhynchus 4887 mg/L 64 d Laboratory  Slight Canada 92
trout mykiss tank swelling of

the qills
Brook Salvelinus 10-40 NTU 12 h Artificial Reduced USA 03
trout fontinalis channel growth rate

Source: Extracted from 94
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Most of the effects above are caused by erosion and the abrasive action of the suspended
particles The magnitude of the impact will depend on factors such as the concentration of

N

sediment

Image 10), the duration or the frequency of exposure, the size and shape of the particles, and
the species and age of the fish at the time of exposure (85; 86). For example, for some
species, or depending on the age, gills may be affected, inflamed or clogged when suspended
sediment concentrations are high, i.e. above 500 mg/l, while for others damage may be
minimal or even non-existent (e.g. Arctic Timal; 95). Fish deaths may happen in a range of
concentrations ranging from 20 to 207,000 mg/l (96).

Image 10 Fish mortality due to the high concentration of sediment that occurred during the emptying of the large Sefid-Rud Dam
in Iran. Source: 97

The following are known impacts of high sediment concentrations in river flows:
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- Prolonged exposure to low concentrations of suspended sediment (100 mg/l) may
cause moderate damage to the gills of some species (98) (Table 11).

- Physiological stress caused by exposure to high sediment concentrations over time
can make fish more susceptible to infection, parasitism, and disease (e.g., fins rot;
Error! No s'ha trobat I'origen de la referéncia.).

- Small, angular sediment particles are more damaging to gills than larger or blunt
particles (99).

In any case, suspended sediment often leads to a reduction in overall survival rates and a
decline in fish populations (100) as younger individuals (including fry and juveniles) are more
sensitive to sediment concentrations than adults, which in some cases can survive under
extremely high sediment concentrations that are rare in natural environments. Therefore,
removal operations must be carried out outside the breeding periods.

With very turbid water, sediment is deposited on the riverbed and, on some occasions, can
lead to degradation and loss of habitat for fish, due to the decrease in the quantity and quality
of spawning areas and the lack of food. In the most severe cases, a layer of fine sediment may
cover the riverbed and reduce the complexity (and quantity) of habitat (100). Benthic
macroinvertebrates (food source) are also strongly affected.

In the European Union, guidelines for suspended sediment concentrations are minimal (94).
However, the European Freshwater Fish Directive (2006/44/EC) establishes as a reference
value for sediment concentration the value of 25 mg/l which should not be exceeded, except in
the cases of flood or drought episodes to protect salmonids and cyprinids.

4.4.4 Habitat loss due to downstream sedimentation processes

Another negative effect of the significant accumulation of sediment at a removed small dam on
the stretch of river downstream is the clogging or saturation of the pools of the river course,
which are refuge, reproduction and feeding areas for many species of fish (Image 11). In
these cases, the spaces (interstices) that exist between the coarser particles of the riverbed
(such as gravel and boulders) can be completely filled up by the sands (or silts and clays),
damaging the spawning areas and losing breeding areas. Likewise, if the pools are totally or
partially clogged, the differences between the areas of rapids and pools disappear and the
abundance of benthic invertebrates that inhabit the rapids drops significantly (101) and the
complexity and structure of the habitat diminishes.
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Image 11 Loss of habitat due to the massive influx of sediment after the demolition of a small dam in the Riera Major. A) Situation
of the riverbed before the demolition. B) post-demolition situation.

The loss of this habitat, especially if it occurs during the spawning season, often leads to the
displacement of fish communities to other areas of the river. This becomes more important if
fishing activities take place in the affected river stretch as it temporarily affects this activity. If
the accumulated material is very fine sediment, it may also have a direct impact on the micro-
roughness of the riverbed with important effects on the hydraulics of the river flow,
macroinvertebrates and other benthic species.
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Did you know that...

Depending on the volume of sediment mobilized from the basin of the small dam, the
following can occur:

Outlets or water collectors may be buried or blocked by sediment rendering them
useless.

The filling or loss of storage capacity of downstream dams.

Episodes of high turbidity, i.e. a high concentration of sediment suspended in the
water, with possible effects on fish such as damage to tissues and organs or changes
in behaviour and which in the most extreme cases may lead to the death of
individuals.

Operations to remove small dams should be carried out outside the breeding
periods of the fish species present downstream.

European Directive 78/659/EEC sets the minimum threshold for the concentration
of dissolved oxygen in water at 7 mg/l. Below 5 mg/l there is a high risk of mortality
of cyprinids.

The European Freshwater Fish Directive (2006/44/EC) establishes as a reference
value for sediment concentration the value of 25 mg/l, which should not be
exceeded except when a flood or drought episode occurs.

A significant accumulation of sediment in the stretch of river located downstream of the
small dam that has been demolished can lead to the filling or saturation of the pools of
the river course and which are refuge, reproduction and feeding areas for many
species of fish. Consequently, the complexity of the habitat is diminished.
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5 Preparatory work

At the time of proposing the dam removal, it is of the utmost importance to predict the possible
effects on the morphology and ecosystem of the river to minimize the damage caused
downstream. It will therefore be necessary to gather information that will help to decide what is
the most appropriate way to demolish the small dam, staged or complete removal, as well as
whether it can be totally or partially eliminated. Similarly, information will also be needed about
the limiting factors when removing. Hence, a number of basic studies will be necessary and,
depending on the risk and type of expected affectation, additional complementary studies.

Some of the basic studies will not be necessary in the cases where the dimensions of the dam
are so small that the effects of the removal may be considered negligible.

5.1 Basic studies

5.1.1 Hydrological definition of the river course

Any dam removal project will not be complete unless it includes a hydrological definition of the
river course and the area affected by the obstacle. This definition will give a scientific
foundation on which to base the decision of the characteristics of the removal and the most
appropriate time of year to execute it. Among others, the following factors must be defined: the
frequency of flows and their return period (e.g. 2, 5, 10, 25, 50 and 100 years); the average
annual flow; when are the yearly floods most likely to occur; the frequency of sediment
mobilizing flows, etc. The basic safety measures in the event of an episode of high flows
during the dam removal work will also be defined.

5.1.2 Granulometric analysis of riverbed and impounded sediment

The size distribution of the sediment particles gives information on the hydromorphological
characteristics of the channel, as well as the sedimentary environments and the geological
history of the river. It also provides information on the general river dynamics, both local and
general, and allows the analysis of sediment transport processes, providing information on the
potential for sediment contamination. It is important to note that grain size is a dominant
controlling factor in sediment geochemistry since cations derived from mineral weathering and
pollution sources are preferentially adsorbed by the finer fractions (especially in clays).
However, pollutants may also be found in sands and gravel.

The patrticle size distribution of the sediment also makes it possible to determine the amount of
fine (silt, clay and sand) and coarse sediment (gravel, boulders and blocks) of the deposit
impounded by the small dam and to give an idea of the potential rate at which it will be
mobilized.

For the classification of different particle sizes, it is recommended to follow the scale proposed
by Wentworth (1927) (Table 12):
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Table 12. Classification of sediment according to its particle diameter

Classification Subclassification Upper Limit (mm) Lower Limit (mm)
Bowlder gravel Very large 4096 2048
Bowlder gravel Large 2048 1024
Bowlder gravel Medium 1024 512
Bowlder gravel Small 512 256
Cobble gravel Large 256 128
Cobble gravel Small 128 64
Pebble gravel Very coarse 64 32
Pebble gravel Coarse 32 16
Pebble gravel Medium 16 8
Pebble gravel Fine 8 4
Granule gravel Very fine gravel 4 2
Very coarse sand Very coarse 2 1
Coarse sand Coarse 1 05
Medium sand Half 0.5 0.25
Fine sand Fine 0.25 0.125
Very fine sand Very thin 0.125 0.063
Silt Silt 0.063 0.0039
Clay Clay 0.0039 0.00024

From the distribution particle sizes, different parameters may be obtained which will be used,
for example, for estimating the sediment mobilization and the application of mathematical
models.

Depending on the material of the riverbed, different techniques may be used for sampling (e.g.
see 102). The number of samples will depend, among other factors, on the dimensions and
geometry of the impoundment, the kind of sediment, the degree of silting, the purposes of the
study, etc. It is however recommended to take a minimum of three samples of impounded
sediment: one next to the dam, one in the central part of the basin and a third at the backwater
of the reservoir. Two complementary samples are also recommended: at the riverbed outside
the area of influence of the small dam: upstream and downstream.
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5.1.3 Calculation of the volume of impounded sediment

Calculation of the volume of impounded sediment will help establish the potential risk of a
significant release of sediment downstream of the dam. It will also help design the shape of
the channel or predict what the topography of the channel will be after the removal of the
obstacle.

To calculate the sediment’s volume, it is necessary to have the original topography of the
channel before the obstacle and the actual topography. Unfortunately, there are few occasions
when this information is available, so it will often be necessary to:

i) Perform direct measurements in the field (by means of probes and/or boreholes) of the
thickness of the sediment package and the surface of the package or,

i) Estimate the slope of the original channel by extrapolating the existing slopes of the
river profile upstream and downstream of the small dam area (Figure 27).

When estimating the slope, care must be taken to avoid extrapolating the localized scour that
may exist below the dam, since the level of the channel downstream of the obstacle may be
significantly lower than it was before the construction of the dam. Because of this, the actual
profile of the channel in the section immediately downstream of the dam may differ from the
profile before the dam.

Figure 27. Obtaining the profile of the original channel (pre-small dam)
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Source: 104: Incision of rivers by alluvial extraction and removal of dams. Mathematical and
experimental study.
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The actual topography of the impoundment and the area of influence of the small dam may be
obtained by surveying if the information is not available elsewhere. The comparison between
the current and historical profile will provide an estimate of the thickness of the impounded
sediment load.

5.1.4 Sediment Quality Analysis

Before proceeding with the removal of the small dam, the sediment’s contents must be
analysed. At least the total organic carbon (TOC) content and heavy metals must be analysed.

However, in areas where land uses may imply a potential source of pollutant emissions and if
the impounded sediment has a high content of silts and clays (>10% according to 103), an
analysis of pollutants prone to accumulation in sediments or biota belonging to the list of
priority substances and other pollutants (listed in Annex IV A of Royal Decree 817/2015 of the
Ministry of Agriculture, Food and the Environment) and in the list of preferred substances
(Annex V of the aforementioned Royal Decree) is recommended. These are:

Anthracene (CAS: 120-12-7).
Polybrominated diphenyl ethers No. 28, 47, 99, 100, 153 and 154 (CAS 32534-81-
9)
Cadmium and its compounds (CAS 7440-43-9)
Chloroalkanes C10-13 (CAS 85535-84-8)
Bis(2-ethylhexyl) phthalate (CAS 117-81-7)
Fluorante & (CAS 206-44-0)
Hexachlorobenzene (CAS 118-74-1)
Hexachlorobutadiene (CAS 87-68-3)
Hexachlorocyclohexane (CAS 608-73-1)
Lead and its compounds (CAS 7439-92-1)
Mercury and its compounds (CAS 7439-97-6)
Pentachlorobenzene (CAS 608-93-5)
Polycyclic aromatic hydrocarbons (PAHS)
0 Benzo[ a]pyrene (CAS 50-32-8)
0 Benzo[ b Jfluoranthene (CAS 205-99-2)
0 Benzo[ k Jfluoranthene (CAS 205-99-2)
0 Benzo[ ghi]perylene (CAS 191-24-2)
o Indene [1,2,3-cd ]pyrene (CAS 193-39-5)
Tributylestany Compounds (as Tributylestany Cation) (CAS 36643-28-4)
Dicofol (CAS 115-32-2)
Perfluorooctanesulfonic acid and its derivatives (CAS 1763-23-1)
Quinoxyphene (CAS 115-32-2)
The "dioxins and similar compounds" mentioned in note 20 of RD 817-2015.
Hexabromocyclododecane, as a sum of the isomers:
o 1,3,57,9,11-hexabromocyclododecane (CAS 25637-99-4)
o 1,2,5,6,9,10-hexabromocyclododecane (CAS 3194-55-6)
0 a - hexabromocyclododecane (CAS 134237-50-6)
0 P - hexabromocyclododecane (CAS 134237-51-7)

<<

<LK <K<K <LK <LK<LKLKKLKKLKKL

<K<K KL
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0 vy - hexabromocyclododecane (CAS 134237-52-8)
Heptachlor (CAS 76-44-8) and heptachlor epoxide (CAS 1024-57-3)
Arsenic (CAS 7440-38-2)

Copper (CAS 7440-50-8)

Hexavalent Chromium (CAS 18540-29-9)
Total Chromium (CAS 7440-47-3)
Selenium (CAS 7782-49-2)

Zinc (CAS 7440-66-6)

<K<K KL

In these cases, a preliminary study to thoroughly ascertain the presence of pollutants should
be undertaken. This is, if the area is in a sensitive location and deserves special attention,
apart from the substances mentioned above, it may be necessary to determine the substances
on the current WatchList (WL) that present a log(K ow) > 3, i.e., emerging pollutants that have
the potential to be adsorbed in the sediment (Table 13). Also, to include the analysis of other
micropollutants that may have been detected in the water (e.g. pesticides, per- and
polyfluoroalkyl substances, organochlorine solvents, etc.).

Table 13. List of substances in force in the fourth WatchList (Decision EU 2022/1307 of
22 July 2022)

Substance CASE Function
Venlafaxine 93413-69-5 Antidepressant drug 3,2
Clotrimazole 23593-75-1 Antifungal drug 5*
Imazalil 35554-44-0 Agrochemlcal 3.82
fungicide
lpconazole 125225-28-7 Agrochemlcal 41*
fungicide
Agrochemical
Metconazole 125116-23-6 g 3,7*
fungicide
Miconazole 22916-47-8 Antifungal drug 5,3*
Penconazole 66246-88-6 Agrochemical 4.4%
fungicide '
Prochloraz 67747-09-5 Agrochemical 4.6%
fungicide '
Tebuconazole 107534-96-3 Insecticide and 37
fungicide '
Tetraconazole 112281-77-3 Agrochemical
g 3,56
fungicide
Dimoxystrobin 149961-52-4 Agrochemical 3,9*
fungicide

69



Criteria for the demolition of small dams

Azoxystrobin 131860-33-8 A%Oncgiggieca' 3,7
Famoxadonna 131807-57-3 A%Oncgiggieca' 4,65
Diflufenican 83164-33-4 Herbicide 4,6*
Fipronil 120068-37-3 Insecticide 4,0
Avobenzone 70356-09-1 Ultraviolet filter 4,51 **
Octocrylene 6197-30-4 Ultraviolet filter 7,1*
Benzophenone 3 131-57-7 Ultraviolet filter 3.79

* Estimated values with XLogP3 3.0., ** Estimated values with EPI Suite 4.11.

Royal Decree 817/2015 does not establish any concentration threshold or environmental
quality standard to regulate the concentration of pollutants in sediments but establishes that
necessary measures must be undertaken to avoid a significant increase in the concentrations
of harmful substances.

Regarding the substances in the WL, their monitoring is hot mandatory, but it must be noted
that substances currently in the WL may be included in the list of priority substances with short
notice, affecting the number of analyses to be undertaken.

The analysis of micropollutants shall be carried out on the finest fraction (< 0.063 mm) of the
sample, if its characteristics allow it. If the sample has an insufficient amount of sediment
<0.063 mm, the fraction <2 mm should be analyzed .

The number of samples will be established according to the dimensions of the small dam,
although the minimum recommendations stated above should be heeded. (Figure 28).

Figure 28. Proposal for the location of the sampling points for the analysis of pollutants
in the sediment

Sampling point
(out of the influence area of the
dam)

Sampling points

!

!

Sampling point
(out of the influence area of
the dam)

!

70



Criteria for the demolition of small dams

The samples out of the dam’s influence will be used to determine how polluted the river is so
that, if the sediment retained by the dam is polluted to the same or lower extent, extraction of
sediment (e.g. dredging) will not be necessary. If the sediment is more polluted, a decision
must be taken regarding its safe disposal. The sediment sample taken at each point may be
an integrated sample.

Based on the results obtained in the preliminary study, in which some initial samples have
been analysed, the final sampling campaign will be designed, determining the total number of
samples to be taken, their location and the analyses that must be carried out.

5.1.5 Characterization of the river-aquifer relationship in the area

The river-aquifer relationship must be studied to determine whether the river is an effluent or
gaining stream or, conversely, influent or losing stream (Figure 29).

The river is effluent if the aquifer releases water to the river, since the water table is above the
level of the river. The river is influent if the river releases water to the aquifer because its head
is above the water table level of the aquifer.

Figure 29. Sketch of effluent (A) and influent (B) river

Water table

Water table

The characterization of this river-aquifer relationship is important. As an example, if the river is
effluent, it is expected that the small dam’s removal will not produce any significant impact on
the river-aquifer relationship. However, if the river is influent, the relationship may be affected.
For example, impact may be felt on the wells located in the area of influence of the small dam
or in the reduced surface flow of the stream. In this case, the impact on the water table of the
aquifer and the extent of the impact must be calculated.

The characterization of the river-aquifer relationship at the area, should be included in any
removal project. However, if the dimensions of the small dam are not important, it may be
clear that there will be no impact whatsoever.

This study should at least comprise:

e The geometry of the aquifer
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The hydrogeological parameters of the aquifer. If no information is available, they shall
be established based on a pumping test.

The piezometric map around the small dam

The existing groundwater uses around the small dam

Assessment of the impact of storage on riverbanks

Assessment of the effect of the possible removal of the structure on existing wells

5.1.6 Study of alternatives

This study must be included in any dam removal project and must include at least the following
removal cases:

A
A

Scenario 1: Non-action
Scenario 2: Removing the obstacle in a single stage

Any other stages may be studied if the results of the aforementioned studies recommend it.
Some stages may be:

> > >

Scenario 3: Construction of a river diversion

Scenario 4: Partial removal (Vertical or Horizontal)

Scenario 5: Staged removal

Scenario 6: Dredging of the sediment load and complete removal

5.1.7 Follow-up study: assessment of biological and hydromorphological

changes

This study aims to evaluate the short-term response of the river system to the removal of the
small dam. It will be comprised of at least two stages:

Initial phase, before removal. Its aim is characterising the hydromorphological and
ecological status upstream and downstream of the small dam in its area of influence.
This phase will take place as close to the removal as possible.

Final phase, after the demolition, with the aim of evaluating the response of the system
both from the point of view of hydromorphology and the river ecosystem. The second
phase will take place sometime (e.g. 4-6 months) after the removal in the same area.

The study in each phase must take into account at least the following aspects:

Physicochemical parameters of water: temperature, dissolved oxygen, conductivity,
pH, etc.

Biological indicators: e.g., macroinvertebrates and fish (community composition and
structure, abundance, etc.).

Riparian vegetation indicators: e.g., QBR, mapping of existing river habitats and key
aguatic species

Hydromorphological indicators: e.g., slope of the riverbed, variations in the width and
depth of the channel, substrate analysis, erosion processes and transport.

Biological indicators and physicochemical parameters will be analysed at least in two places:
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- Downstream of the small dam in the catchment area
- Upstream of the dam

The hydromorphological indicators to be analysed should at least be:

- The slope of the riverbed: upstream (outside the area of influence of the small dam)
and downstream (outside the area of influence of the small dam). It will be obtained
through topographical surveys.

- Variations in the width and depth of the channel. By surveying similar sections from
upstream (outside the area of influence of the small dam) and downstream (outside the
area of influence of the small dam).

- Substrate granulometric analyses at five points at least: two upstream and
downstream, outside the area of influence of the small dam; and three upstream and
downstream, in the area of influence of the small dam.

- Erosion and transport processes through direct field observations along the entire area
of influence of the small dam.

5.2 Complementary studies

5.2.1 Changes in the aquifer system in the area of influence of the small
dam

Where direct effects on wells and agricultural holdings nearby are expected, a detailed study
to determine the extent and magnitude of the impact on the water table should be undertaken.

If there is no prior information, the aquifer will have to be monitored for some time. Then the
groundwater flow may be modelled and changes in the aquifer system will be described
according to the different removal scenarios. The modelling should aim to analyse the effect of
storage on the river banks.

5.2.2 Environmental assessment of the small dam’s impoundment,
surrounding area and stretch of river

This study will be necessary if there is evidence of environmentally protected species in the
area affected by the small dam or if it the area has potential for their presence. Also, if there
are exotic or invasive species that can spread as a result of the dam’s removal.
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5.2.3 Sediment transport capacity of the river and expected evolution of
the longitudinal profile

This study will be necessary to undertake when there is a risk of a massive influx of sediment
due to the removal of the small dam or when infrastructures, goods or services will be affected
due to head-cutting or accretion. The morphological response of the river bed should be
modelled to determine how far head-cutting can reach and the possible effects. Also, what the
evolution of the profile downstream will be as the sediment load impounded by the dam is
washed away.

The morphological response of the river should be analysed under different removal scenarios
(e.g., total removal of the dam in a single stage, total staged removal, partial reduction, etc.).

The results obtained will help establish the feasibility or typology of removal (partial or total) as
well as the necessary corrective measures when the river ecosystem and other elements,
such as bridges, are affected.

It will be necessary to estimate the average annual sediment load transported by the river. To
estimate the annual contribution of solids, it is necessary to add the volume contributed by the
loss of soil in the basin during rainfall episodes and the sediment mobilized by the river
upstream. The former is mainly made up of silt and clay and is usually much larger than the
latter, which consists of granular material (sand, gravel and pebbles).

To estimate the transported load, methodologies such as USLE or MUSLE provide, through
spatial operations with geographic information systems (GIS), the calculation of the annual soil
loss of a basin according to slopes, land use, erodibility and rainfall, among others.

The estimation of transported sediment by the river is more complex and is not subject to an
established methodology. A simplified method consists of estimating the transport capacity of
the upstream stretch of the river, although a previous knowledge of the riverbed’s
granulometry is necessary. Among the different existing sediment transport models, the one
that best suits the studied river must be selected. With the flows of the flow frequency curve
(obtained in the hydrological characterization study), an estimate of the expected annual
volume of sediment transported by the river will be obtained. If the estimation of the transport
capacity is also made with the flows of low-frequency episodes (e.g. flows of 10 or 50 years of
return period), the probable volume of sediment in one year may be estimated. The volume of
sediment contributed by the river is the sum of the expected and the probable.

The calculation of the transport capacity is also useful for developing morphodynamic models
to estimate the evolution of the longitudinal profile of the channel after demolition. There are
currently many methods for this estimation. A first approach consists of dividing the river
stretch under study into different subsections with similar geomorphological characteristics
(width, slope and material). The studied stretch must extend above and below the small dam.
By comparing the transport capacity of an upstream section with the corresponding capacity of
the section immediately downstream, it may be obtained whether the latter section loses or
gains sediment, i.e., whether it is subject to erosion or accretion. By doing this operation
consecutively, starting upstream, the change in the average height of each river section is
obtained after an episode of rain, associated with a certain flow.
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5.2.4 Study of dam safety regulations when partially removing dams
above 5m in height

As established by the current regulations on "Safety of dams, reservoirs and ponds" of Royal
Decree 849/1986, dams with a height >5 m or with a reservoir capacity >100,000 m®must be
classified according to the potential risk that may arise from the possible failure or malfunction
of the dam and, consequently, the safety standards established in the aforementioned decree
must be complied with. Therefore, in the event of a partial demolition of a small dam that
exceeds 5 m or has a reservoir capacity of more than 100,000 m3, a study of regulatory
conditions for dam safety must be undertaken. However, if the partial demolition of the small
dam is accompanied by a reduction that means that the final height of the dam is less than 5m
high, this study will not have to be undertaken.

Did you know that...

Before the removal, it wil be necessary to gather information to help decide the most
appropriate way of removing the dam. This information will also define the existence of any
conditioning factor (hydromorphological or biological) which may imply that it is best not to
remove the dam or obstacle.

Depending on the risk and type of expected impacts, some additional studies may be needed
The basic studies for small dams are:

e Hydrological characterization of the river course.

e Granulometric analysis of the riverbed and the impounded sediment.

e Estimation of the volume of impounded sediment.

e Analysis of pollutants in the sediment.

e Characterization of the river-aquifer relationship in the small dam’s catchment.

e Study of alternatives.

e Study to evaluate possible changes in biological and hydromorphological indicators.

Some additional studies are:

e Changes in the aquifer system (water table response) in the area of influence of the
small dam.

e Environmental survey (distribution of habitats and mesohabitats, presence of key
aqguatic species and other relevant elements) at the small dam’s basin, surrounding
area and river stretch, upstream and downstream.

e Solid transport capacity of the river and expected evolution of the longitudinal profile
upstream and downstream and in the impoundment of the small dam.

e Regulatory conditions for dam safety in the event of partial demolitions of dams greater
than 5 m in height.
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6 The removal

6.1 Type of Removal and Sediment Management

It is important to note that, if the dam is higher than 5 m or has a reservoir capacity greater
than 100,000 m3, a partial removal should be considered if feasible that, at least, ensures that
the height of the dam is brought below 5m and 100,000m3 of reservoir capacity. Otherwise,
the small dam, even if without any function, will continue to carry the regulatory obligations
derived from the scope of application of the legislation on dams and reservoirs.

Also important is that currently there is no single standardised practice on how sediment
should be managed at the time of dam removal. On the contrary, there is a wide range of
options ranging from leaving the sediments "in situ”, so that the river itself naturally
redistributes them downstream, to the total or partial dredging of the sediment captured by the
dam. Hence, it is necessary to evaluate individually for each dam removal project how will the
sediment be managed and incorporate this aspect into the project. As a rule of thumb,
removing the sediment should be avoided, since it is a part of the river and should not be
treated as waste. Sediment and sedimentary transport dynamics are key aspects for the
proper functioning of the biological communities and biodiversity of the river as they are the
basis of its structure, generating geomorphological diversity and, therefore, habitats.

Therefore, the dredging of the sediments impounded by the obstacles to be removed has to be
the last option and should only be considered in those cases where it is the lesser evil. If
sediment dredging is planned, the minimum amount shall be removed, clarifying, specifying
and quantifying how the dredged sediment will be managed and where and how it will be
relocated, if possible, within the channel or the basin itself.

Some options for sediment management and removal types are briefly described below.

6.1.1 No removal of sediment and total demolition of the small dam in a
single phase

The non-removal of sediment should be the main option and the one that is initially desirable,
although it is not always possible.

Two of the cases in which it will not be necessary to remove the sediment are:

- When the volume of sediment accumulated in the basin of the small dam is small (or
non-existent), there is no presence of pollutants and upstream and downstream of the
small dam no effects on the health of people, the river’s ecosystem or infrastructures,
goods or services are expected. In this case, the total removal of the obstacle may be
carried out in a single phase.

To analyse whether the sediment load represents a significant volume, the average
annual sediment contribution will be compared with the volume impounded by the
small dam (see section 4.1).
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- If the sediment deposit is important but has a high content of coarse material (gravel
and pebbles), it is not polluted and the characteristics of the river and the small dam
indicate a low mobility of the deposit, so no effects on the health of people or the river
ecosystem will be expected.

In this situation, the dam can be completely removed in a single stage. However, it is
recommended to model the response of the channel to determine the speed and
distance to which upstream erosion can potentially reach and what impacts this may
have. Also, what will be the evolution of the profile of the downstream channel as the
sediment load retained by the dam is mobilized. Hence, the possibility of removing
the dam in a single stage will be determined.

6.1.2 Gradual release of sediment and demolition of the small dam

In some situations, it is necessary to control the rate of the impounded sediment mobilization.
In cases such as:

- When there is a large volume of sediment with great mobility with foreseen detrimental
impacts upstream and downstream of the small dam.

- When there is a certain degree of sediment pollution that requires controlling the
release of sediment.

In these situations, it may be best to undertake a staged removal of the dam (Figure 30), i.e.
progressively lowering the height of the dam horizontally or, alternatively, vertically so that the
maximum volume of sediment that may be eroded is limited.

Figure 30. Demolition of a small dam in stages.
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Both techniques may be combined, i.e., a horizontal lowering of the dam can be accompanied

by the partial removal of the dam (at a later stage or, if deemed appropriate, simultaneously at
the same stage) so several combinations are possible.
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6.1.2.1 Horizontal staged removal

This process consists of removing haorizontal stretches of the dam in stages, in a way that
allows controlling the volume of sediment released at each moment and to lower the height of
the small dam to a desired height.

The reduction may not comprise the entire width of the dam, a stretch can be left if the aim is
to further minimize the outflow of the retained material in the impoundment of the small
downstream dam (Figure 31).

Figure 31. Sequence of the partial demolition of a small dam in phases
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The potentially mobilized volume of sediment in each phase depends both on the area of the
removed portion of the dam, while the mobility of the sediment load will depend, among
others, on the granulometry and the characteristics of the basin of the small dam and the river
(see section 4.1).

The eroded material may accumulate at the foot of the dam in a way that the actual height of
the reduction is lower than expected, thereby decreasing the potentially erodible volume of
sediment (Figure 32).
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Figure 32. Partial demolition of a dam in phases.
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The volume of potentially erodible sediment may be estimated from the height of the obstacle,
the circulating flow and the granulometry and roughness of the deposit, considering that the

final slope of the deposit will be equal to the slope of the beginning of the movement of the
sediment.

The gradually eroded volume (1;) as a function of dimensionless time (T) may be obtained
using the following expression:

V(T) = st T0.46/(T0.46 +710)

Vs represents the volume of potentially erodible sediment.
T it represents dimensionless time.

Dimensionless time is obtained from the expression:

T =tQ/H3.

Where: is the time (in seconds)t

Q is the circulating flow (in m3/s)

H is the height of the dam (in m)

This expression, obtained from different laboratory tests by 104 and built for gravel rivers
without fine material (silts and clays), may be applied to phased demolition because it allows
estimating the total sediment transported downstream.

Figures Figure 33 and Figure 34 illustrate its application for a 15 m wide river, with an
average slope of 2% and where t the small dam’s impoundment is formed by coarse material
(D50 =25 mm and D g= 45 mm) and has a slope of 0.5%.

Figure 33 shows the solid flow (in T/h) obtained by a circulating flow through the river of 2
m®/s and different heights of the small dam.
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Figure 33. Temporal evolution of the theoretical solid flow resulting from the demolition
due to reductions of different heights (H)and for a flow rate (Q) of 2 m?/s.
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Note: The horizontal line denotes the estimate of sediment transport at the point where the small dam is located
when the flow is 2 m3/s.

Figure 34 shows the result of the outgoing sediment for a 2 m height decrease and different
river flows.

Figure 34. Temporal evolution of sediment transport resulting from different flows (Q)
for a 2m height decrease.
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Note: The horizontal line denotes the estimate of sediment transport at the point where the small dam is located
when the flow is 2 m¥/s.

The results obtained point to a rapid decrease over time of the total sediment transported
downstream and an increase with a greater height reduction and greater flow circulating

through the river.
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The potentially erodible volume may be greater than the height of the removed section when,
for example, the obstacle is located in a stretch of river where the section of the channel is
wide and shallow and, consequently, the volume of potentially erodible sediment along the
vertical will be consistent (Figure 35).

Figure 35. Front view of the small dam showing the volume of potentially erodible
sediment (PVE) for each of the phases of the demolition in a wide and shallow section.

<+ VPE Stage 1
— VPE Stage 2
VPE Stage 3

VPE Stage 1 ~ VPE Stage2 = VPE Stage 3

Note: The potentially mobilized volume (PVE) in all stages of section reduction is very similar.

However, if the section is narrow and deep, for example, in the shape of a "V", the amount of
sediment accumulated at each point of the vertical of the basin of the small dam will not
always be the same, but will be greater at the top of the basin and lower at the bottom (Figure
36to). Hence, the height of the section reduction must be adjusted to the volume of potentially
erodible sediment to be released (Figure 36b).

Figure 36. Potentially erodible sediment volume (PVE) according to the height of the
rebate (h) in the different phases of the demolition in a narrow and deep section
A
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Note: Left: The potentially erodible volume of stage 3 is much smaller despite the height of the stope is the same as
that of the other phases. Right: the potentially erodible volume of the three phases is similar when the height of
each recess is adjusted.

When undertaking a staged removal all the sediment may not be transported in each stage
(see section 4.1). This must be accounted for in the following stages, since it may increase the
volume of potentially erodible sediment and that may eventually lead to a greater than
expected sediment mobilisation.
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Hence, in each phase, the volume of sediment and the length of the river stretch affected will
be different. It is therefore necessary to evaluate the outcome of the previous stage before
starting with the next:

1) What was the potential volume of sediment to be eroded

2) To what extent the potentially erodible volume associated with the previous stage has
been mobilized, and

3) The evolution of head-cutting in the sediment load

These elements help determine the length of the recess in each stage and, the time between
stages. Therefore, the time interval between stages of the demolition is not fixed but depends
on the time that the river needs to transport the maximum amount of potential sediment before
starting with the next stage. Therefore, the river’s hydrology will play an important role and will
set the pace of the demolition phases.

6.1.2.2 Vertical staged removal

Vertical staged removal consists of removing a part of the dam vertically. Normally, one side of
the dam is left untouched (often starting from one of the two abutments of the dam), so that
part of the sediment deposit is released while the other part remains impounded behind the
dam (Figure 37).

Figure 37. Plan sketch and cross-section of the small dam before and after partial
removal
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The remaining part of the dam may be larger or smaller and will depend on the volume of
potentially erodible sediment to be released. Removal is usually done in two stages as shown
in Figure 37; although as many stages as necessary may be carried out with different widths.
However, the openings must be large enough to prevent them from being blocked by sediment
or debris.
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This removal process is especially applicable in those sections where the small dam is located
at the exit of a curve or meander. In these cases, during the first stage, the part of the dam on
the outer section of the curve is removed since it is: i) the likeliest area for the river to flow; ii)
where the erosion of the deposit will be greater and iii) where, once the longitudinal continuity
of the river has been restored, the transport of sediments will be more effective.

Once all the potential sediment in this area has been eroded, the remaining section of the dam
may be removed. During this second stage, it is expected that the volume of potentially
erodible sediment will be lower, since the inner side of the meander is an area where
sedimentation predominates. The erosion of the sediment deposit will be slower (since the
preferential flow circulates through the outer part of the curve).

In some cases, to protect a road or some other infrastructure, for example, placed in the inner
side of the meander, part of the dam may be left so that the sediment retained behind is not
easily mobilized and over time, stabilized by vegetation. However, the river's cross section in
this area will be smaller than it would have been if the dam had been completely removed, so
it will be necessary to evaluate the potential impacts (risk of flooding, accretion-erosion of the
channel, etc.) from leaving part of the structure unremoved and the possible effects on the
environment. The same situation may also happen in a straight stretch of the river, where it
may also be necessary to analyse the hydro-sedimentary dynamics of the river under these
conditions.

6.1.2.3 Openings and controlled sediment release

Sometimes the sediment impounded by the small dam needs to be mobilized and transferred
slowly and gradually downstream. For example:

- When the sediment is polluted and must be released gradually to avoid possible
impacts on health and the environment

- When the sediment load is easily mobilized and there is a substantial risk of
uncontrolled release of material downstream.

In these cases, creating openings at different levels of the dam allows for some control over
the erosion of the sediment deposit (Image 12). With this procedure, the volume of sediment
that will potentially be eroded and transported downstream of the dam will mainly depend on
the number and height of openings and their diameter. The openings may even have locking
systems so that they work only at certain times and thus have greater control. Thus, sediment
may be released gradually and with a tighter control.
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Image 12 Openings at mid height of a small dam to ease its emptying.

These emptying operations may be accompanied by the construction of sediment traps
downstream of the small dam. These traps essentially consist of pools dug into the riverbed
that get filled with the sediment transported downstream. The sediment traps may be emptied
as many times as necessary to prevent excessive amounts of material from moving
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downstream (==

Image 13).
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Image 13 Emptying with heavy machinery of a sediment trap in the Riera Major. Source: Guilleries-Savassona Natural Park

This method is well suited when, before removing the obstacle, the impoundment of the small
dam must be drained and gradually emptied until the sediment load surfaces. The structure
may even be left with openings at a certain height for a long period of time so that the higher
areas of the sediment load grow vegetation and the volume of potentially erodible sediment is
reduced. Once the impounded sediment is exposed, new openings may be opened or the
obstacle can be totally or partially removed.

6.1.3 Removal of sediment by mechanical means and demolition of a
small dam

The removal of sediment impounded by a small dam by mechanical means should only be
considered when other options are not feasible. For example:

- When the material in the reservoir is heavily polluted rendering its release to the river
unfeasible due to significant impacts on the environment and on public’s health.

- When the aquatic ecosystem may be severely damaged (for example, by a sustained
increase in water turbidity) and the impact is unacceptable, either because of its
duration or because its irreversibility.

- When the effects upstream and downstream of the obstacle compromise the safety
and proper functioning of infrastructures, goods and services (e.g., water catchments,
bridges, collectors, supply wells, etc.).

Depending on the magnitude of the impact, a total or partial removal of the sediment may be
carried out. For example, if the sediment load has a high level of pollutants unlikely to be
diluted to levels below the legal thresholds, or if impacts on the health of people and the
aguatic ecosystem are expected, the total extraction of the polluted sediment will be carried
out. The extracted sediment will be disposed of according to regulations. Once the sediment
has been extracted, the small dam may be partially or completely removed in one or more
stages as deemed appropriate.
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Another possible scenario may be if, for example, some other infrastructure in use is located
downstream and may be affected by the sediment release. In this case, the total or partial
dredging of the sediment by mechanical means would be justified. However, the extracted
sediment should be placed into channel in areas where it may be gradually mobilized by the
river over time. Areas where this sediment could be relocated may be the inner part of a
meander, the active floodplain of the river, some river bars or islands that flood frequently
(e.g., every 2 to 5 years), etc. In no case this sediment must be considered waste and taken
directly to landfill.

Did you know that...

Many factors determine both the mobility of sediment and the stretch of river that may be
affected by it. That is why there is not a unique standardized method of sediment
management, but a wide range of options, such as:

Not removing the sediment and having the river do it
Gradual release of sediment

Releasing the sediment by openings in the dam
Removing sediment by mechanical means

Thus, each case must be studied independently, and the sediment release option chosen
will determine removal procedure:

Total removal in a single phase
Total staged removal (horizontal or vertical)
Partial removal (total, horizontal or vertical)

7 Decision support

As explained throughout this document, many factors influence the mobility of the sediment
load. Because of this, choosing the best procedure to remove the dam or obstacle is a
complex endeavour.

In a dam removal project, there may be certain detrimental impacts on the river ecosystem, or
the infrastructures, goods and services close to the area of the removal. However, in most
cases, the impacts are limited in space and time and, therefore, temporary and manageable
with preventive and corrective measures.

Hence, a series of flow diagrams are presented herein to help determine the most appropriate
procedure to remove a small dam or transverse obstacle according to the sediment load, its
pollution, mobility, and the dam’s size. These diagrams are a tool to support decision-making
and in no case should be understood as a rigid procedure to determine an outcome.

7.1 Starting point: previous studies (Flowchart 1)
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The first flowchart is the starting point of any dam removal project. It points the necessary
studies any project must have if the impounded sediment is low (e.g., < 20% of the volume of
the small dam’s basin). The previous studies will help establishing whether, the obstacle may
be totally or partially removed, if it is necessary to make a river diversion or whether taking no
action is the preferred course of action. This will depend on many factors such as the possible
effects on the water table or the presence of invasive species.

If the amount of impounded sediment is higher (e.g., >20% of the volume of the basin of the
small dam), it will be necessary to undertake additional studies to determine the type of
removal.

Figure 38. Flowchart 1: Starting Point
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Flow chart 1: Starting point
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7.2 Amount of sediment impounded (Flowchart 2)

If the volume of sediment impounded is important (e.g. >20%), the first step is to determine the
degree of siltation: high (e.g. >70%), medium (e.g. 30-70%) or low (<30%). Thus, there is an
estimation of the importance that sediment management will have within the demolition
project.

Depending on the degree of siltation, the third, fourth or fifth flow chart will be applicable.
Figure 39. Flowchart 2: Level of silting

Flowchart 2: Level of silting
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7.3 Sediment pollution (Flowcharts 3, 4 and 5)

The presence of pollutants is a crucial factor that will decide on the need to remove the
sediment by mechanical means or release it gradually downstream. Hence, it must be
analysed: if there are pollutants in the impounded sediment; whether this pollution may have
detrimental impacts on public health or the ecosystem and, finally, what the amount of
pollutants is.

If the sediment is not polluted, flowchart 6 will not apply. However, if there is some pollution,
then the gradual release of the sediment must be studied.
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Figure 40. Flowchart 3: High level of silting
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Figure 41. Flow Chart 4: Medium Level of Silting
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Figure 42. Flow Chart 5: Low Level of Silting
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7.4 Dam height and sediment mobility (Flowchart 6)

This flowchart applies when the sediment is not polluted or when the pollution is low enough to

not impact public health or the ecosystem.

The dam’s height is first analysed, and then the degree of mobility of the sediment load.

Figure 43. Flowchart 6: Dam height
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9 Appendix 1

River fragmentation in Catalonia in the 19th and 20th
centuries.

In Catalonia, with the beginning of the 1st Industrial Revolution, many businessmen went to
look for water from the rivers, especially the Ter and Llobregat, for productive purposes:
initially, to move the machines of the factories and, later, to produce electricity by means of
hydraulic energy. The factors influencing range from the development of favourable legislation
to the lack of raw materials to produce energy (coal), to the development of the railway or to
favourable socio-economic conditions.

Changes in Water Legislation

In the first decades of the 19th century, water was considered a public good and was subject
to regulations which favoured its use for productive purposes. For example, a 1845 law
(completed in 1855), established tax exemption for fifteen years for any businessman who
acquired a waterfall and set up a company within two years of its purchase. This led to the
installation of a group of factories on the banks of the rivers from 1840 to 1860 to take
advantage of hydropower and produce the energy to move the mechanical spinning or
weaving looms. These were the "river factories" (105).

A few years later, the water law of 1866 and the colony law of 1868 were approved. These
laws allowed the establishment of industrial buildings (the so-called "industrial colonies"), in
places far from towns, villages or cities. In addition, they also established the exemption of the
industrial colony from paying taxes for fifteen years if it was located between two and four
kilometres away from a town, 20 years if it was between four and seven kilometres away and
25 years if it was more than seven kilometres away (105). Another exemption was that young
people working in the Colonies were exempt from military service (106).

Subsequently, the law of 1866 was revised in 1879 allowing to use water as a free source of
energy and to benefit all entrepreneurs regardless of their activity as it was considered that
hydropower would save in imports of English coal (107).

From coal to water
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Catalonia was not a producer of coal and the costs of importing it to the city of Barcelona were
five times higher than its price at source. In fact, in both 1865 and 1882, Barcelona was the
Spanish port that paid the most for the coal it imported (

I

Image 14) (108). For this reason, businessmen started investing in a cheaper source of
energy such as hydropower. Thus, from the second half of the nineteenth century onwards,
industrial colonies began to be built in the Ter and Llobregat basins.
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Image 14 Photography of the coal dock (San Bertran Pier) of the Port of Barcelona between 1910-1915. Source: National
Museum of Technology and Science. Industrial heritage .

This process took place in two stages: in the first, which runs from 1858 to 1880, the colonies
are mainly formed by the river factory, and its ancillary buildings. During these years, many
factories moved from cities to the rural areas, looking for river banks where they could take
advantage of the hydropower. In the second stage, from 1880 to the beginning of the twentieth
century, the colonies transformed into industrial towns.

The railway

From 1880 onwards, higher production quotas meant that river factories could not do without
the steam engine: it was not enough to raise the dam (to take advantage of a higher hydraulic
jump) and replacing turbines with more efficient ones to generate a greater amount of energy.
Rather, it was necessary to add steam power, and steam engines required coal (108). Hence,
interest in the water of the Llobregat and the Ter spread because, apart from the driving force
of the water, the Llobregat had a railway that allowed coal transport from the mines of Figols

(109) (i

Image 15), lowering its costs. In addition, by 1859 the Barcelona-Manresa railway was in
operation, connecting the middle course of the Llobregat and Cardener, and in 1884 the
Manresa-Sallent section came into operation. It was followed in 1887 by the Manresa-Olvan
(Berga) stretch (108).
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Image 15 Figols-Les Mines station, in 1912. Source: Railways of Spain . Photo from the Xavier Tomas collection.

In the Ter basin, the railway reached Vic in 1876 and, in the following four years, advanced to
Ripoll and Sant Joan de les Abadesses, thus covering the middle and upper Ter. This made it
possible to transport coal from Sant Joan de les Abadesses-Ogassa. At that time, the railway
network allowed the transport of both raw materials and coal, which offered the possibility, as
a complementary driving force, of expanding the facilities and/or keeping them in constant
activity, even during the periods of low water of these two rivers (108).

Socioeconomic conditions
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In the factories outside of cities, wage costs were lower than those in cities and women's
wages were even lower (110). In addition, businessmen found independence and
opportunities to exercise protagonism and power. Also they found very cheap and unregulated
land, with possibilities of expansion and with raw abundant material to build factories and
workers’ lodgings (unexploited quarries, all kinds of gravel to manufacture cement and lime,
clay soils for the manufacture of tiles and bricks, wood, etc.), and labour for construction:
stonemasons, masons, plasterers, calciners, labourers and carpenters, who came from the
rural area, directed, of course, by master builders and engineers (107). On the period 1858 —
1890, most of the more than seventy Industrial colonies that exist in Catalonia were created (
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Image 16). The most important were built in the 1890s (111); with some appearing as late as
1905.
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Image 16 View of the Colonia Burés in 1910 (Castellbell and Vilar-Bages-Catalunya). Source: Wikipedia

Several of these industrial colonies were located on sites where there had formerly been a mill
or forge, thereby using the old dams and canals (105.

From the water wheel to the turbine: the electrification of
factories

At the beginning of the Industrial Revolution, factories used hydropower to move machines
through water wheels. But these, from 1847 onwards, were quickly replaced after the
installation of the first turbine in Spain (112). This new technology spread through Catalonia
between 1847 and 1885 and allowed a much more efficient and flexible use of hydraulic
energy than the water wheel (108). In addition, at the end of the 19th century, the arrival of
electricity also made it possible to connect turbines to generators and the electrification of
factories (107).
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Image 17 View of the 1400 hp Francis-type turbine commissioned by Antoni Sedé in 1899. The turbine transformed the force of
the water through transmission systems to operate the textile machines of the Sedé Colony. Source: Museum of the Colony Seddé

of Esparraguera .

The electrification of factories often happened in two stages. In the first stage, electricity was
used to light the factory since it allowed the working day to be extended and, in the second
stage, electricity was used to move the factory’s engines (

i
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Image 17). Sometimes, if there was a surplus of electricity, as could happen at dusk or at night
when the machines were not working, this energy was used to provide public lighting to the
town or towns closest to the factory and also to the workers' lodgings (113). Thus, industrial
colonies also became local hydroelectric power plants (107).

However, not only river factories were adopting electricity, also some mills changed their
function. While many continued grinding, others began to combine both activities: during the
day did mill work and during the night the electrical generator would work. It depended on the
proximity of the mill to electricity demanding areas, such as cities, the activity of the mill and
the existence of enough flow in the river. In some cases, the mills changed completely and
were dedicated only to electricity generation (113). Thus, the end of the 19th century saw
electricity spread practically to the whole Catalonia; and it is in these years also that the first
newly built hydroelectric power plants were installed.

At the beginning of the 20th century, the use of electricity in Catalonia increased. The use of
the old mills and the first power stations was not enough to meet the demand and many small
power stations or hydroelectric installations began to be built throughout the territory to the
point that, in the first decade, some sixty new hydropower stations were installed and by 1910,
there were already ninety five (113) (

Image 18).
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Image 18 View of the Freser mini-power plant in Queralbs. Source: ACA.

The first hydroelectric power stations were very small — the so-called self-producers — and
produced Direct Current. This made it necessary to install them close to factories or population
centres and, obviously, in rivers placed in heavily industrialized areas (Llobregat, Cardener,
Ter and Freser) (114; 115). The distribution of power was very diverse, from 8hp to 2300hp,
and the introduction of medium-sized hydroelectric power plants, allowed hydropower to
represent 36% of the total electricity production and progressively displace thermal energy.

Large hydroelectric power plants

109



Criteria for the demolition of small dams

In 1911 the hydroelectric landscape changed radically with the creation, by foreign capital, of
the companies Energia Eléctrica de Catalunya and Barcelona Traction Light, also known as
La Canadiense. That same year, a humbler company was also founded, with local capital, the
General Society of Hydraulic Forces, which the following year would become part of the
Catalana de Gas y Electricidad (116). With the constitution of these three companies, the first
era of large hydroelectric power plants construction began in Catalonia, which until the thirties
would give rise to a new period in the production of electricity in Catalonia (114). By the 50s
hydraulic production covered approximately 90% of the electricity demand of the Catalan area
(117). Many of the large hydraulic exploitations were located in the Pyrenees (
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Image 19) and in the Pre-Pyrenees of Lleida, as the development of high-voltage lines made it
possible to bring electricity to Barcelona and its environs.
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Image 19 Construction of the Talarn reservoir drainage (1916). Source: Izard Lock Archive.
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In the middle of the 20th century, a second wave of construction of large hydroelectric power
plants began. While these were being built, small power plants could continue operating
because they would be using stretches of rivers that were not considered worthy of
investments by large corporations. Hence, some of them were able to survive until recent
times (118).

In the final decades of the 20th century, energy administrations supported the generation of
electricity from mini-hydroelectric plants. In Catalonia, the "Programme for the Start-up of Mini
Hydroelectric Power Plants" was developed, which the Government of Catalonia initiated in
the 1980s, and which was followed by the legislative development related to the production of
hydroelectric energy with the entry into force of the Energy Conservation Law 82/80 and the
subsequent regulations of the special regime for electricity generation (119) which established
the obligation to purchase the energy produced by the administrations and economic
premiums that subsidized the production of electricity for plants of up to 50 MW.

This legal framework made it possible to operate and rehabilitate hydroelectric power plants
that had been inoperative and, in many cases, boosted their incorporation and connection to
the electricity grid. However, despite these incentives, the smallest plants have been gradually
abandoned due to their low earnings (most of them were linked to the electrification of small
rural areas or intended for industrial self-consumption, mainly in the textile sector (118)).
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